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Summary
Activated carbons are widely used for the purification of water and air. This includes the 
treatment of gaseous and liquid industrial waste streams prior to release as well as the 
provision of pure drinking water and the remediation of environmental contamination. 
Activated carbons are any amorphous carbon which has a large surface area for adsorption 
and are thus suited to the above purposes. The preparation of activated carbons requires costly 
and energy intensive treatments to increase their porosity. Biochar is a proposed approach to 
the amelioration of anthropogenic climate change by burying carbon as charcoal, a process 
which has been demonstrated to improve the productivity of soil. In this work a range of 
biomass precursors (various plants and agricultural by-products) are studied for their potential 
to produce high surface area carbons when subject to pyrolysis treatment. The variations in 
precursor chemical composition which affect the porosity of the final carbon are identified 
and mechanisms of this intrinsic activation process are suggested from experimental data. The 
goal of these investigations is the development of a single step pyrolysis process allowing the 
simultaneous production of activated carbon, bioenergy and chloride or nitrate salts. Such a 
process is shown to have substantial economic advantages over a pyrolysis process which 
produces energy alone using comparable equipment. The improved economics of such a 
process could allow the realisation of the biochar concept by creating economies of scale 
around the production of porous carbons. It is argued this would allow the use of porous 
carbons on a large scale for cleaning up pollution and improving the productivity of the 
world’s arable land. An additional positive outcome would be helping to ameliorate 
anthropogenic climate change by direct carbon burial.
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Chapter 1 
Introduction
i
1 Introduction
1.1 Pyrolysis in context
Pyrolysis is a major candidate renewable energy technology with the potential to 
efficiently convert biomass into energy. Pyrolysis can also be used as a means of 
cleanly disposing of waste using the same methods. It is established that bioenergy 
offers advantages over non-renewable energy sources; principal among these is its 
neutrality with respect to carbon dioxide emissions. This is due to the process fuel 
being derived from plant matter which in turn is produced photosynthetically from 
carbon dioxide in the atmosphere (Cherubini et al, 2011; Cherubini and Stromman, 
2010). Other advantages include the reduced reliance of consumer nations on 
politically unstable oil producers (Venturia and Venturia, 2003). The key problem 
with bioenergy technology is the limited types of plant material which can be used to 
produce fuel. For example, generation of bioethanol requires sugar as an input for 
microbial fermentation (Sarkar et al, 2012),however most biomass is in the form of 
high molecular weight biopolymers such as cellulose, hemicellulose and lignin. These 
molecules contain large amounts of energy, but are difficult to convert into 
monosaccharides which can be used as feed stocks for biofuel production (Conde- 
Mejia et al, 2011; Balat, 2011). Bio-ethanol production also requires a fermentation 
step to produce the ethanol from the sugars. Biodiesel production is an alternative to 
bioethanol which produces a fatty acid methyl ester (FAME) fuel by estérification of 
plant oils. The technology is already used to supplement automotive diesel but is not 
sufficiently economically viable to displace fossil fuels (Hass, 2005). The main 
drawback is similar to that of bioethanol; only the oil component of the plant may be 
converted to a fuel source. This may be around 5% of the total above ground plant 
biomass. During pyrolysis, the biomass of the entire plant may be used to generate
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energy. Normally edible plant parts are excluded from the process which prevents 
potential conflicts of interest between agricultural productions of food and fuel (Sims 
et al., 2009). The pyrolysis process can generate syngas (mixture of CO and H), 
biofuel or both. The biofuel is usually composed of bio-oil, methanol or hydrogen.
The physical properties and chemical composition of fuel depend on the temperature 
used for pyrolysis. Methanol and light hydrocarbons are the principle products of high 
temperature processes (>600°C) while greater proportions of oils are produced at 
lower temperatures (Liaw et a l, 2011). In addition higher temperatures reduce the 
average molecular weight of products via cracking reactions catalysed by solid phase 
char (Blondeau and Jeanmart, 2012). Bio-oil can be refined into a form usable in 
internal combustion engines or used directly to generate power (Zheng, 2008). Syngas 
can be converted by the Fisher-Tropsch process into liquid hydrocarbons and/or used 
directly to fire pyrolysis equipment. In either case the advantages to processing 
biomass in this way is that a dense combustible hydrocarbon/carbohydrate liquid is 
produced from the biomass enabling more efficient transport as compared with 
transporting low density biomass (Liaw et a l, 2011). The result is the potential for a 
diffused logistic chain where biomass can be converted near the source of production 
and transported as oil or alcohol for refining. Efficient electrical energy generation 
requires high capital expenditure which is usually spent on efficient steam turbine 
systems. For this reason the simplicity of pyrolysis and the logistical advantages 
associated with the transport of fuel make pyrolysis a major potential bioenergy 
technology.
The overriding limitation to all bioenergy technologies is not technical but 
economic. It is not generally profitable to produce electrical energy from biomass 
when fossil fuels can presently serve the same function by exploiting existing
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infrastructure at a lower cost (Khanna et al., 2010). Pyrolysis has the advantage of 
being able to produce a char or carbon as well as the energy (Zhang et al., 2010). 
These chars are at present considered for use as a secondary fuel source.Higher 
surface areas are important to the adsoption properties of carbons, raising surface area 
should in theory improve their utility (Marsh and Rodriguez-reinoso, 2006). For 
example grass and wood pyrolysis could produce materials of 8-20m2/g for 250- 
500°C pyrolysis and 371-605m2/g for very high temperature pyrolysis (850°C), 
(Bomemann et ah, 2006). It is the aim of this project to explore the non-fuel 
applications of char which may be realised by controlling and optimising the 
structural properties of the char produced.
1.2 Carbon
The element carbon has for a long time been used in its amorphous form for a 
multitude of everyday functions. Some of the earliest cave drawings were drawn 
using charcoal from some of the earliest fires (Valladas., 2003). Coal and charcoal 
have been, and still are, widely used fuels both for industry and home heating. 
Charcoals derived from both woody and non-woody materials can possess an 
extensive pore structure (Ludger et al., 2006; Pastor-Villigas et al., 2007). The ancient 
Egyptians and Sumerians were the first to record using charcoals for the absorption of 
foul smelling substances and removing colour from solution as early as 3750BC 
(Cecan., 2011). Charcoal derived from bones or wood was observed to remove the 
brown colour from sugar solutions. This process was one of the earliest uses of high 
surface area materials for the separation of one substance from another and essentially 
the same process is used in the modem sugar refining industry. This strategy has 
persisted into the modem world with for example the potable water industry
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processing billions of gallons of drinking water every day through activated carbons 
made from similar materials used in the ancient process. According to the 8th edition 
of the Roskill market report (2008) on activated carbon, the purification of potable 
water accounts for around 60% of the annual billion dollar market in activated 
carbons with 20% produced for the remediation of industrial waste gases and around 
10% used for decolourisation of products or waste streams. Some 10% of activated 
carbons are consumed in the clean-up of environmental pollution. Since the 
introduction of the clean air act in the US and similar legislation in other countries 
during the 1970s, the decontamination of flue and exhaust gases from industry has 
increasingly been required before release into the atmosphere. Desulfurization and the 
removal of mercury from such waste streams are achieved using activated carbons 
(Morimoto et ah, 2005; Sumathi et al., 2008). This type of point source 
decontamination is only cost effective on a large scale using carbons due to their low 
cost. The reason for this is that activated carbons can have extremely large surface 
areas while being relatively low cost.
Non-activated carbons maybe produced at a wide range of temperatures above 
250°C and usually below 1000°C (Pastor-Villigas et al., 2010). The pore structure 
seen in materials produced at lower temperatures is mostly macro-porous (pores 
>50nm) and reflects the internal surface structures of the biological precursor. For 
example the plant fluid transport structures consisting of xylem and phloem are 
retained in the charcoal produced from these materials. Some smaller pores of around 
l-50nm can also be detected in these materials but these are relatively rare (Marsh and 
Rodriguez-reinoso, 2006). To increase surface area, carbons are treated with oxidising 
agents, often at high temperatures, to create many small pores giving the carbon its 
large internal surface area. Commercial activated carbons commonly have a surface
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area of at least 500m2/g with specialty products often possessing surfaces areas in 
excess of 1000m2/g. Few other materials are capable of routinely reaching these types 
of surface areas and when they do, the cost of producing them makes them untenable 
for large scale use. The activation processes used to produce high surface area carbons 
are a mixture of chemical etching and thermally driven endothermie oxidation 
processes which gradually remove carbon atoms as carbon dioxide to produce a 
porous surface (Marsh and Rodriguez-reinoso, 2006). This porous surface may be 
tailored to fit the process for which it is required by altering the type of activation 
reaction used and the conditions under which this takes place.
1.3 The role of activated carbons in potable water provision
For water to be drinkable it must be devoid of both pathogenic microbes and 
substances which could be toxic, malodourous or foul tasting (Water supply 
regulations., 2010). Fresh water which has not been purified can contain a variety of 
organic substances which are unpleasant in taste and/or odour. Common examples 
include geosmin, a compound produced by the bacterial genus Streptomyces. This 
compound confers the “earthy” smell of some soils and is a major cause of bad taste 
in waters (Ng et ah, 2002). Humic acids are brown coloured substances produced by 
the decomposition of vegetation. These humic acids are another major cause of bad 
odour and unwanted taste in untreated waters (Duan et al., 2003). The eradication of 
pathogens in drinking water is achieved by the addition of chlorine. Chlorination has 
the side effect of chlorinating organic compounds which are present naturally in the 
water and would otherwise be harmless. This chlorination makes the otherwise 
harmless organic matter a potential health hazard (Gopal et al, 2006). These 
halogenated organics consist of two major classes: The halomethanes and the
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haloacetic acids (Becher et al, 1999). These chlorination by-products have been 
epidemiologically associated with cancers of the major organs (Clark et al., 1986) and 
birth defects (Tardiff et al., 2006; Nieuwenhuijsen., 2005). To deal with this problem 
as well as foul taste and odour, all potable water in developed nations is filtered 
through activated carbons.
Another major issue in water treatment is the occurrence of synthetic substances in 
fresh water as a result of the use of agro-chemicals and the disposal of 
pharmaceuticals into the sewer system. As water is used and pumped back into fresh 
water after use, any synthetic compounds which are used in agriculture or disposed of 
by households in sewerage tend to accumulate in the water supply. Pesticides, such as 
Dieldrin, Chloridane and hexachlorocyclohexanes are used in large quantities to 
protect crops against pests and diseases and can be found in water as a result of runoff 
from agricultural land (Jantunan et al., 2008). Significant quantities of synthetic 
oestrogens and other endocrine disrupters are also found in fresh water. The source of 
oestrogen is the contraceptive pill which is taken by millions of women on a regular 
basis and whose components may be passed into water supplies as biologically active 
metabolites (Kumar et a l, 2010; Williams et al, 1998). A second major drug class 
with this issue are the SSRI antidepressants; significant quantities of these are found 
in drinking water albeit not at levels known to have pharmacological activity 
(Valcarcel et a l, 2011; Vasskog et a l, 2008). Removal of synthetic compounds from 
water can be achieved by the use of activated carbons (Jarvie et al., 2005; Grover et 
a l, 2010). As a result of the ever increasing human world population the pressure on 
potable water supplies is likely to grow significantly as will the requirement for the 
purification of water contaminated with synthetic and natural compounds. A major
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problem to be overcome is the high cost of activated carbon which limits its use in 
developing countries where pollution is often worst (Dogan et al., 2008).
1.4 Biochar
It is documented that certain soils in the Amazon basin are rich in carbon deposits. 
These soils are the product of thousands of years of human activity in the area (Lima 
et a l, 2002; Classer and Burk, 2012). The pre-Columbian inhabitants of the area had 
a subsistence agricultural economy for which areas of the jungle would be felled and 
the wood and vegetation would then be used for fuel. The cleared land could then be 
used for the construction of dwellings and to support the growth of food crops. The 
preparation of food and burning of wood for fuel led to the deposition of pyrolytic 
amorphous carbon in the soils surrounding these dwellings. The accumulation of 
pyrolytic carbon in the soils was extensive, with some soils consisting of as much as 
9% carbon. Proponents of using biochar as an amendment for raising crop 
productivity suggest that addition of biochar to soil is also a major strategy for carbon 
sequestration as it has been recognised that increasing carbon content in soils could be 
a major means of reducing carbon dioxide build up in the atmosphere (Follet, 2001). 
Amorphous carbon amendment to soil is one of the best strategies for the burial of 
carbon due to a very long half-life of the carbon in soil. The initial half-life of carbon 
black in soil is estimated to be at least 27 years for fresh biochar. This is compared 
with 3-6 months for unprocessed green waste (Bolan et a l, 2012). Initially return of 
carbon from soil to atmosphere is between 54 and 108 times slower for biochar than 
for the untreated precursor. In addition to the slower rate of atmospheric return it has 
been observed that a fraction of the carbon remains in the soil for between 600-8000 
years without decomposing. This inert fraction is responsible for today’s
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anthropogenic dark earths in the Amazon basin. The literature is unclear as to the 
exact size of this persistent fraction due to a lack of information on the amount of 
starting carbon added to anthropogenic dark earths. Data indicate that the more rapid 
initial loss of carbon is due to oxidation of the carbon surface and that this is a slow 
self-limiting process (Liang et al., 2008). The rationale for this approach to carbon 
burial is further strengthened by the substantial improvements to soil quality which 
occur as a result, especially in highly oxidised tropical soils (Laird et ah, 2009). 
Improvements include increased cation exchange capacity, increased water holding 
capacity and increased carbon and nitrogen content in the receiving soil. Calculations 
carried out by Matovic (2010) suggest a global biochar initiative could bury 4.8 giga 
tonnes of carbon annually by using 10% of net primary agricultural biomass 
production for energy generating pyrolysis processes. This rate of pyrolytic carbon 
burying could easily be maintained in the earth’s agricultural soils for two centuries. 
This has made biochar a leading contender in the search for technologies that could 
ameliorate anthropogenic climate change (Matovic, 2010).
The presence of carbon black in soils significantly increases soil fertility (Zhang et 
al., 2011; Jeffery, 2010). There are two mechanisms by which this may occur. Firstly, 
the pore structure of the charcoals give them surface areas of around 10-100m2/g. 
These carbon surfaces are susceptible to oxidation, producing dangling phenolic and 
carboxylic moieties. These groups give the carbon the capacity to store cations by ion 
exchange (Mukheijee et ah, 2010). The high surface areas of charcoals are associated 
with microscopic pores in the material which attract and hold water. As most nutrients 
are water soluble, this increased water holding capacity is associated with a 
concomitant increase in soil nutrient content (Carhu et al., 2010). Secondly, carbon 
amendments to soil increase the organic matter content of the soil by adsorbing
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organic substances onto its large surface. This protects organic substances within the 
pore structure from degradation while still allowing these substances to interact 
chemically with the pore water of the soil (Zimmerman et al., 2010). The 
improvements in soil quality could facilitate the growth of other bioenergy crops in 
presently non-productive soils. It has been shown that carbon amendments to metal 
contaminated soils reduce the bioavailability of metals (Wingate, 2008; Sneath,
2010). This was observed to increase the biomass of plants grown in the treated soil. 
Amendment with biochar derived from stinging nettles also significantly increased the 
number of microbes involved in PAH degradation by 4 to 6 log units, allowing the 
subsequent breakdown of organic pollutants by the micro-biota in soils amended with 
biochar (Sneath, 2010). The ability of biochars to immobilise metals has been 
mentioned in other published works including Uchimiya (2010) and Beesley and 
Marmiroli (2010). Biochar has also been observed to reduce the bioavailability of 
inorganic pollutants to plants growing in treated soils (Beesley et al, 2009; Karami et 
al., 2010). Biochar not only offers the opportunity to improve the productivity of 
healthy soils but may also be helpful for regenerating polluted soils that are incapable 
of sustaining life.
1.5 The growing problem of environmental pollution
Environmental pollution is a serious and growing problem and is a consequence of the 
rapid industrialisation that has taken place over the past two hundred years. Pollutants 
are the toxic waste products of many industrial, mining and agricultural processes, 
which, if not disposed of properly may cause damage to human health and to natural 
ecosystems. Substances responsible for most environmental damage may be 
categorised into two groups; inorganic and organic. The main group of substances
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associated with inorganic pollution aremetals, primarily cadmium, copper, lead, 
mercury and zinc. Organic pollution is caused by an extremely diverse group of 
molecules; those associated with soil and water pollution are polyaromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), haloalkanes and 
organochloride pesticides. Strict legislation has been enforced in the developed world 
to prevent the release of polluting substances into the environment. However, past 
activities have left significant swathes of contaminated land throughout the developed 
world. It is estimated that there are 300,000 contaminated sites present in the UK 
alone and a total of 1.4 million contaminated sites in the EU (DEFRA, 2006). Rapid 
industrialisation in many developing countries without strict regulation of pollution 
has led to similar problems emerging in the rest of the world at an alarming rate, with 
a large number of cases involving human poisoning or significant environmental 
damage. Chronic exposure of individuals to cadmium at levels greater than 
0.17pg/litre in drinking water produced detectable renal tubular dysfunction in a 
cohort of environmentally exposed Japanese people (Watanabe et al., 2002). Cases of 
severe metal poisoning may produce acute toxicity. Such toxicity can lead to the 
failure of one or more organ systems and long term neurological complications after 
recovery from acute symptoms (Okuda et al., 1997). In a study conducted in the rural 
Philipines, 21% of children analysed had blood lead levels in excess of the WHO 
specified maximum of lOpg/litre (Riddle et al., 2007). Serious health problems can 
arise from much lower blood levels of certain common metals than the maximum 
allowed by the WHO. For example, lead ingestion depresses IQ when individuals are 
exposed in childhood (Jusko et al, 2007). This effect is quite pronounced. The above 
study found that levels of lead from as little as 5pg/litre caused an average reduction 
in IQ of 4.9 points. For reference an IQ of 100 is average with 110 indicating a
11
“bright” individual while 90 or less indicates lower intelligence, metals also damage 
other major organs after prolonged exposure, especially the haematopoietic, renal and 
endocrine organs. Organic pollutants have a number of properties which make them 
potential health hazards, including the carcinogenicity of polyaromatic hydrocarbons 
(PAHs) and the capacity of organochloride pesticides such as DDT to accumulate in 
the food chain. Organic pollutants are widely distributed, and those of most concern 
are the most stable. Halogenated organics such as tetrachloromethane or the 
organochloride pesticide DDT are good examples of persistent organic pollutants 
(Nfon et al., 2007). The halogen carbon bond tends to stabilise the organic molecule 
inhibiting degradation by photolytic and biological processes. This renders the 
substance environmentally persistent (El-Shahawi et al., 2010). Some persistent 
organic pollutants (POPs) may undergo bio-magnification in which the pollutant 
increases in concentration as it passes up the food chain. Most POPs do not undergo 
bio-magnification and are diluted by passage through the food chain. This metabolism 
of POPs is one of the two main mechanisms by which they are removed from the 
environment, the other being photo-degradation (Lohmann et al., 2007). Some 
persistent organic pollutants, such as PAHs, become toxic by the formation of often 
more water soluble products during metabolism. Many organic pollutants are 
hydrophobic making them non-bioavailable and therefore persistent in the 
environment. When ingested they are often able to accumulate in fatty tissues, 
especially if they are difficult to metabolise as is the case with organochlorides. While 
the metabolism of most PAHs is sufficient to prevent bio-magnification, the metabolic 
process may actually increase the toxicity of a pollutant. For example metabolism of 
DDT produces DDE, which is a toxic product (Bihari et al., 2006). The most 
prominent mechanism of toxicity from PAHs is genotoxicity and the related property
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of carcinogenicity, the latter being first observed in a 5-ring PAH (benzo-a-pyrene).
As a result of their wide distribution and the serious environmental and health effects 
of many pollutants there is an urgent requirement for strategies to mitigate their 
negative effects.
1.6 Adsorption processes
Due to its hydrophobicity, carbon makes an excellent adsorbent for processes 
involving organic and non-polar molecules. Adsorption processes are dependent on 
the surface area of the adsorbent material. To increase the surface area of carbons they 
can be activated where activation refers to a process by which the carbon has its 
structure modified to increase porosity, and as a result, its surface area. The properties 
and uses of activated carbons are defined by three central characteristics; surface area, 
pore volume and pore size distribution. In addition, pore shape has effects on the 
behaviour of these surfaces. Specific surface area is the total surface area in metres 
squared per gram of the carbon. Available surface area can be estimated using the 
adsorbent properties of the material itself. In this scenario it is assumed that as 
molecules of a substance are adsorbed to the surface of the sorbent, a monolayer is 
formed over the available sorbent surface. As the concentration, or partial pressure, of 
the molecules increases, the available surface area will become increasingly coated 
with the molecules until it is saturated. At this point adsorption will cease. Thus by 
knowing the diameter of an adsorbate molecule and how much may be taken up by a 
sorbent, a reasonable estimate may be made of the surface area of that sorbent.
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To illustrate: consider a system in which P is the number of molecules present in a 
sealed system a number of adsorption sites S* exist on a surface; some particles are 
adsorbed while others are not. An adsorbed molecule takes up one adsorption site, this 
union is defined as [SP]. The scenario may be modelled with the following 
equilibrium equation:
S* +  P ^  SP
This may be written as:
K -  15 ,1
Consider the fraction of surface sites covered to be a value 0, if [SP] is proportional to 
0 then the number of free surface sites S* is proportional to 1-0. This maybe stated 
as follows:
6
a =
( 1 - 0 ) P
This rearranges to:
e  =  a P
1 + a P
Where a is a constant.
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This formula is the basis for the Langmuir isotherm model of monolayer adsorption 
and describes a type one isotherm structure. Isotherms are classified into five types by 
the IUPAC. These are based on the shape of the plot of qe (amount adsorbed) on the 
Y axis against Ce (concentration of adsorbate) on the X axis. The isotherm type 
depends on the adsorption process with type ‘one’ describing adsorption until 
saturation of identical surface sites is achieved. This results in an initial steep increase 
in adsorption untill saturation is reached. Subsequent types of isotherm assume 
different degrees of multilayer formation at different concentrations producing a range 
of curve shapes.
m
i
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Figure 1.1 Qualitative view o f different isotherm structural types. Image from IUPAC 
recommendations fo r  publishing adsorption data (Sing et al., 1984). B indicates the 
“knee ” or inflection point in the isotherm which shows monolayer coverage is 
complete.
Type I
The type one isotherm shape is consistent with adsorption which proceeds by 
monolayer formation until saturation. This produces a characteristic straight line 
followed by a plateau.
Type II
Type two isotherms are consistent with monolayer formation until saturation followed 
by some degree of multilayer formation. This produces an isotherm which looks like a 
type I followed by a second phase of adsorption.
Type III
Type III isotherms are consistent with a continuous adsorption process involving 
multiple anchor point adsorption of larger aggregates of molecules. This produces a 
continuous upward inflected curve.
Types IV
This shape is similar to the type II isotherm; the difference results from the saturation 
pressure for adsorption being reached before the vapour saturation pressure for the 
adsorbate. This essentially gives an extension of the type II to saturation, hence the 
plateau. This isotherm shape captures the adsorption processes of capillary 
condensation which occurs at higher partial pressures.
Type V
This is very similar to the type IV however there is no initial monolayer formation.
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Type VI
This is similar to type IV and V but there are multiple distinct adsorption processes. 
This produces a stepped isotherm due to distinct adsorption enthalpies for more than 
one type of adsorption process.
Intuitively all adsorption isotherms describe the relationship between partial pressure 
and proportional occupation of surface sites. Using this relationship with nitrogen 
adsorption isotherms, it is possible to determine the surface area of a carbon sample 
(number of available surface sites). For more realistic analysis it is not possible to use 
the overly simplistic modelling assumption that only a single layer of molecules may 
form on adsorbent surfaces. To characterise the surface area of a material more 
accurately the more realistic Brunaur Emmet Teller (BET) equation is used (Braunaur 
et al., 1938). The BET equation assumes that molecules may adsorb in multi-layered 
structures on the surface of adsorbents using similar principles to the Langmuir model 
but allowing additional layers of adsorbate molecules to adsorb onto the first layer. 
This is the actual model used to characterise the textural properties of materials using 
nitrogen adsorption isotherms.
17
The BET equation:
 1 = - 1 + 1
v[(£-^  - 1] Vm c  Vo/ v m C
P and Po are the upper and lower limits of the partial pressure of the adsorbate, v is the 
volume of adsorbate adsorbed, Vm is the monolayer adsorbed volume, and C is the 
BET constant.
Pore volume and pore size distribution are also important characteristics of an 
activated carbon. Pores contribute to the surface area of a carbon, but the sizes of the 
pores may vary from carbon to carbon and the distribution of total pore volume of 
each size class is critical to the performance of a given carbon for a given adsorbate. 
There are three major pore size classes defined by the international union of pure and 
applied chemistry (IUPAC). These are defined entirely by the diameter of the pores. 
As a guide pore sizes are defined as follows: Micropores are <2nm in diameter, 
mesopores are between 2 and 50nm in diameter, and macropores are >50nm in 
diameter. As adsorption requires the molecule to interact with the surface, adsorption 
of an adsorbate by a carbon requires the molecule to be able to enter the pore 
containing the surface upon which it will adsorb. This sets a lower limit on the size of 
the pore for the adsorption of a given substance which is approximately equivalent to 
the diameter of a single molecule of that substance. As a guide, micro-porous carbons 
are most useful for adsorbing small molecules such as iodine, nitrogen or methane, 
while meso-porous carbons are better for adsorbing larger molecules such as humic 
acids and hydrocarbons. The hydrophobic nature of the carbon surface results in
superior adsorption performance for hydrophobic molecules. Aromatic molecules 
without any steric hindrance around the aromatic ring adsorb particularly well due to 
ring-ring interactions. This latter property is especially useful for the adsorption of 
dyes and polycyclic aromatic compounds, both representing major classes of 
contaminants.
Total pore volume and pore size distribution may be studied using nitrogen adsorption 
at 77K, the temperature of transition between the liquid and gaseous state of nitrogen. 
By using the BET equation it is possible to determine the average combined number 
of adsorbed layers of molecules. By knowing the average thickness of one molecule 
of nitrogen it is possible to directly imply the diameter of pores based on the 
parameters of the fitted equation (twice the combined thickness of the adsorbed 
layers). In addition to the BET method of analysing nitrogen adsorption data the BJH 
model can be used to determine the pore size distribution. The BJH model is based on 
the Kelvin equation, a mathematical formula describing the relationship between 
vapour pressure and the size of droplets (Elliot et al., 1951).
The Kelvin equation:
, P  2y7m
â ' r f î r
Where r is the radius of the droplet, P is the vapour pressure and Po is the saturated 
vapour pressure, y is the surface tension, Vm is the molar volume, R is the universal 
gas constant and T is the temperature in Kelvin. Conceptually this relationship can be 
thought of as the difference in the ratio of the gaseous form of a substance to the 
liquid state when a given quantity of liquid is present as either large droplets or small
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droplets. Smaller droplets have a greater surface area as a function of their mass. This 
additional surface area increases the rate of volatilisation without affecting 
condensation rates. As a result the same quantity of liquid will produce a higher 
vapour pressure when present as smaller droplets. The equation itself can be used to 
calculate the radius of a droplet as a function of the vapour pressure. Assuming 
nitrogen condenses in pores, the pores can be modelled as droplets and their radius 
calculated based on the vapour pressure and the amount of nitrogen adsorbed.
1.7 Activation processes
Activation describes the process by which pores are introduced into the carbon. Much 
of the specific information on the chemistry of activation processes is derived from 
detailed work by Marsh and Rodriguez-reinoso (2006). Various methods have been 
developed for the activation of carbons using a variety of source materials. Source 
materials are usually chosen for consistency and low ash content. A popular source 
material for making activated carbon is coconut shell. Ash content is an issue 
primarily due to insoluble silicates which are almost impossible to remove after 
activation and which block pores reducing the available surface area. Activation may 
be categorised into physical activation and chemical activation. Physical activation 
relies on a high temperature pyrolysis of a precursor under the flow of an oxidising 
agent such as carbon dioxide or superheated steam. In this process the precursor is 
heated, causing the evolution of the volatile fraction of the precursor leaving behind 
only an amorphous carbon structure. The steam or carbon dioxide then partially reacts 
with the carbon structure to remove carbon atoms.
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The reactions between the gases and the carbon surface are characterised by the 
following reactions, both of which are endothermie.
- iCOz +  C =  2CO AH +  l59k]M ol
The carbon monoxide formed either reacts with residual oxygen in the furnace or is 
discharged in the waste gases. For super-heated steam the reaction is as follows:
H20 + C = H 2 +CO AH+ IVJkJM ol- i
Both reactions partially oxidise the structure of the carbon leaving behind a highly 
porous matrix. The alternative of physical activation is chemical activation. In this 
process the precursor is treated with phosphoric acid or metal salts before being 
pyrolysed at high temperature. There are a number of mechanisms by which chemical 
activation can proceed depending on the activating agent used. The most commonly 
used activating agents are zinc chloride and phosphoric acid. Others include the 
hydroxide and carbonate salts of sodium and potassium (Urabe et al., 2007). Zinc 
chloride and phosphoric acid act primarily as dehydrating agents that strip hydrogen 
and oxygen from the precursor’s structure leaving a highly porous carbon with a 
primarily micro-porous structure (Acharya et al., 2008). Potassium and sodium salts 
have two mechanisms of activation associated with them. Either the salt will be 
reduced by the carbon during pyrolysis causing the release of carbon dioxide, 
essentially gassifying the carbon structure, or activation takes place by intercalation. 
Intercalation occurs when the reduction of the metal salt leads to the liberation of the
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reactive metal which then interacts with the pi orbitals between the graphene layers, 
inserting itself between these layers and forcing them apart. The result is the 
expansion of the carbon structure and consequent introduction of microporosity. The 
following equations describe the liberation of free reactive metal for intercalation and 
the formation of carbonates by reaction of hydroxides with carbon dioxide.
Liberation of free metal for intercalation:
(1) C =  4if +  C02 +  2H20
Formation of metal carbonate:
(2) 4 K 0H + 2C 02 =  2K2C03 +  2H20  
Reduction of carbonates to liberate free metal:
(3) K2C02 +2C = 2K +  SCO
The carbon dioxide and water released from reactions 1 and 2 further reacts:
(4) C02 +C = 2CO
(5) H20 + C = H2 + CO
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In all cases the carbon structure of the precursor has carbon atoms removed as a result 
of the reaction and this leads to the formation of the micro-porous structure of 
activated carbons produced in this way. As micro-pores are formed, metal oxides 
produced during the above reaction will often block the pores. Therefore, these must 
be washed out using dilute acid to expose the surface area within the charcoal. 
Activation reactions have not been demonstrated to occur using calcium compounds, 
despite the fact that calcium ions are known to catalyse reactivation of activated 
carbons after their pore structure has been occluded by adsorbates.
1.8 Project aims
Pyrolytic carbons have been observed to have a wide variety of surface properties 
which have never been attributed to any one specific variable. In general without 
activation only small surface areas and pore volumes are observed. These materials 
would be of limited value if deployed for remediation of contaminated environments 
or the purification of water. These materials are however of interest for these purposes 
and the economic potential of optimising the textural properties of pyrolytic carbons 
is substantial. The logical starting point for this is to study a wide range of materials 
under a range of pyrolysis conditions. Further it is necessary to uncover the chemical 
mechanisms by which pyrolytic carbon porosity forms without the intervention of 
extrinsic activating agents. If the potential value of the carbon by-product can be 
improved sufficiently, this work can make a major contribution to the pursuit of 
energy sustainability while facilitating the production of potable water and 
remediation of contaminated environments. It could also improve the economics of 
the biochar concept helping to facilitate its deployment.
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AIMS 
Chapter 3
The primary purpose of the work reported in chapter 3 was to investigate the textural 
properties of a wide range of carbons produced using variations of source material 
and process conditions. Macroporous structure, as well as the pore size distribution in 
smaller pore size classes, were investigated using electron microscopy and nitrogen 
surface area analysis (BET and BJH). The textural properties of the biomass derived 
carbons were compared with commercially available benchmarks to determine the 
potential value of these materials relative to those already available. In addition the 
organic composition of different precursors was determined by CHN analysis and the 
materials were considered for their potential value as fuels.
Chapter 4
The purpose of the investigations reported in chapter 4 was to determine the chemical 
mechanisms by which pore structure forms during the pyrolysis of biomass. Two 
different formats of pyrolysis process were used; batch and continuous. Regression 
analysis was used to determine the relationships between the composition of the 
inorganic fraction of the precursor and the properties of the resulting carbon. The 
effects of other process variables such as the chemical composition of the reaction 
atmosphere were also considered. The observed mechanisms are discussed in the 
context of activation processes used commercially.
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Chapter 5
The purpose of this chapter was to determine the value of intrinsically activated 
carbons for processes involving the adsorption of organic molecules. This chapter 
presents multipoint aqueous adsorption isotherms for the dye methylene blue. These 
isotherms from the different carbons were fitted to established models from the field 
of physical chemistry. The purpose of this work was to ascertain the adsorption 
capacity of the carbons for the model pollutant methylene blue and how this capacity 
changes with the concentration of the probe species. The parameters of the adsorption 
isotherms can be compared with the textural and surface chemical properties of the 
adsorbent. Relationships or the lack thereof between these variables are considered.
1.9 Discussion and overall project objective
The overall goal of the project was to develop materials of high value as adsorbents 
for a wide variety of environmental applications from pollution remediation to 
enhancing the quality of agricultural soils. The materials should be produced at little 
to negligible cost as by-products from energy generating biomass pyrolysis processes. 
The capacity for adsorbing model pollutants can be used as a benchmark to measure 
the utility of these materials; direct comparison with commercially available products 
in this regard is significant. The ultimate process would use an agricultural waste 
material of high energy value which could be purchased cheaply or acquired as waste 
at zero cost. This material would be pyrolysed producing a carbon of low fuel value 
but high value as an adsorbent.
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Chapter 2 
Materials and Methods
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2 Materials and methods 
2.1 Pyrolysis
2.1.1 Batch Process
Pyrolysis was carried out using two different methods. The first was the method 
referred to hereafter as the “batch process”. This method involved the use of a 100 
mm diameter stainless steel vessel with a length of 300 mm and a wall thickness of 9 
mm. The vessel had a stainless steel plug welded into one end and a 120 mm diameter 
lid. The lid possessed a 20 mm flange with two holes on opposite sides allowing the 
lid to be secured to the body of the vessel by two bolts. Unless otherwise stated all 
batch pyrolysis used a 25 g sample of dry source material which was broken up into 
parts no larger than 20 mm using a brief run in a rotary grinder. Due to the 
requirement for gases to be able to escape from the vessel, the attachment of the lid to 
the tube included a small gap as a design feature which allowed gases to leave the 
vessel during pyrolysis of the sample. However during the initial phase of the cool­
down period, there would be little if any gas evolution and small amounts of air could 
potentially enter the bottle. To ensure that no oxygen reached the material during the 
cool-down period, a carbonised paper plug was placed between the source material 
and the aperture of the tube. This otherwise inert carbon plug would act as an oxygen 
scavenger at high temperatures preventing the entry of oxygen interfering with the 
reactions that took place during pyrolysis. To heat the vessel, it was placed in a 
Carbolite® muffle furnace set at the required temperature. The furnace had no 
specific temperature ramp-up and when switched off, was allowed to cool gradually 
without enforced cooling. In all cases pyrolysis runs were carried out for one hour at 
the required temperature. The exact rate of heating and cooling in the furnace could 
not be measured for each run, but rates were determined for the vessel alone in the
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furnace. To measure the temperatures reached over the course o f a run, a Raytemp 38 
laser sighted infrared thermometer was directed at the pyrolysis vessel during the 
heat-up and cool-down o f the muffle furnace. The rate o f heating for the vessel alone 
in the furnace was around 7 °C per minute and cooling was allowed to occur over a 24 
h period.
A diagram o f the batch process is presented below.
To fume hood
Figure 2.1 Diagram o f batch pyrolysis setup:
1: Biomass (25g) 2: Welded steel plug inserted into body o f stainless steel tube 
3:Push fit  lid with stainless steel flange 4: Fastening screw 5: Porous carbon plug 
6: Muffle furnace lining. Arrows indicates possible path o f travel fo r escaping 
volatiles.
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2.1.2 Fed batch process
A fed batch process using a rotating tube furnace allows greater control over the exact 
timing, temperature and atmosphere than is possible using a batch process. The 
purpose of this increased control is to allow the precise investigation of the factors 
affecting the development of textural properties of pyrolytic carbons. The factors 
which become independently investigable are, the effects of atmosphere (inert 
flowing nitrogen/self-generated atmosphere), and time for which pyrolysis is carried 
out. Furthermore, using a fed batch process source material enters a pre-heated 
furnace chamber, causing the material to heat up almost instantly to the required 
temperature in place of the slow temperature ramping pattern seen in the muffle 
furnace.
Layout
The fed batch process made use of a specially designed rotary tube furnace (Carbolite, 
UK) to investigate the effect of time and temperature on the quality of carbons 
produced during pyrolysis as well as to gain control over the pyrolysis reaction 
atmosphere. The temperature needed for the pyrolysis of the source material was set 
at the required temperature and material was heated or cooled almost instantly as it 
entered or left the furnace. A source material hopper was attached via a vibration 
feeder to one end of the rotating oven chamber. A collection hopper was attached to 
the opposite end of the oven chamber and the entire apparatus could be angled 
between 0 and 20 degrees to control retention time of the material using a jack 
positioned under the source material feeding hopper. The seals, hoppers and junctions 
between these and the furnace were cooled by a constant flow of cold tap water 
circulating through metal tubes welded to the exterior of the furnace. The gases
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evolved during pyrolysis left the furnace through a flue attached to an aperture in the 
roof of a chamber between the vibration feeder and the rotating tube. Nitrogen was 
used to produce an inert atmosphere in the furnace with the rate of nitrogen flow 
being controlled by a flow regulator at flow rates between 0 and 25 1/min. Nitrogen 
was introduced into each hopper. The positive pressure thus produced from either end 
of the machine forced the internal atmosphere toward the flue and prevented the 
exhaust gases from entering the hoppers. The flue ventilated into a fume hood 
allowing the safe removal of process exhaust gases.
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100cm
Figure 2.2 Diagram o f rotary tube furnace used for fed  batch pyrolysis reactions.
1: Biomass in hopper 2: Exhaust gases (flu) 3: Ceramic tube 4: Ceramic insulated 
furnace 5: Carbon storage hopper 6: Butterfly valve for removing carbon product 
7: Nitrogen inlet 8: Heating elements 9: Carbon undergoing pyrolysis 
10: Vibration feeder moving biomass to hot zone 11: Gasket seal. 12: Viewing port
Operation
Material was introduced using a vibration feeder and allowed to accumulate at the 
hopper end o f the stationary tube. The tube was programmed to start rotating once 
feeding was complete. During the process, the material was allowed to spread 
through the tube as it rotated until it was distributed evenly throughout entire hot zone 
o f the furnace. This spreading o f material was monitored via a window in the 
receiving hopper at the opposite end o f the furnace to the input feed. Once the 
material was evenly spread, the rotation o f the furnace tube was stopped for the 
required time and then restarted at the end o f the required time to deposit the material
into the receiving hopper. The entire machine was made gas tight and operated at 
approximately atmospheric pressure. Pyrolysed material could be recovered by 
opening a shutter on the underside of the collecting hopper.
2.2 Source Materials
Source materials were selected from a broad range of precursors known to be 
potential sources of bioenergy. These source materials are either marcroalgae or 
agricultural residues such as cereal and oilseed rape straws. The agricultural residues 
were chosen so as not to be potential food sources for humans or livestock. Some 
woods which are commonly available, widely used and therefore realistic potential 
sources of bio-energy. They were selected both to study their structure and as controls 
for the non-woody precursors. The woody materials were also chosen to represent 
both hardwoods (sweetchesnut) and softwoods (pine). The non-woody precursors 
were chosen for their ubiquity and rapid growth rates as these traits would be a 
prerequisite for their use in an industrial process.
Non-woody land plants:
The following non-woody plant materials were used: leaves of Sea beet {Beta 
vulgaris), stems and leaves of stinging nettle {Urtica dioica), oilseed rape straw 
(Brassica napus), alfalfa straw (Medicago sativa), and barley straw {Horedeum 
vulgare).
Woods:
The wood of the following tree species were used: Sweet Chestnut (Castanea sativa). 
Eucalyptus {Eucalyptus gunnii) and Scots pine {Pinus sylvestrus).
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Seaweeds:
The dried fronds of the following sea weeds were used: Sea Sorrel (Desmarestia 
ligulata), oarweed (Laminarea digitatà), bladderwrack {Fucus vesiculosis) and the 
toothed wrack {Fucas serratus).
2.3 Acid washing
Most of the materials studied contained significant quantities of inorganic elements, 
these elements had to be removed to produce realistic measurements of the physical 
properties of the char produced. To achieve this, all chars that were produced were 
washed in dilute hydrochloric acid to remove as much of the mineral present within 
the chars as possible without damaging the carbon structure of the char. For this 
purpose, the chars were placed in 500 ml of RO water into which a pH probe was 
placed. Subsequently, alO M solution of HC1 was added dropwise until the pH of the 
water was 1. The chars were kept under these conditions for 72 hrs to ensure that all 
reactive inorganic content were removed from the char. The treated char was then 
poured onto a Watman no5 filter paper and the remaining acid and dissolved 
substances were removed using a glass vacuum filter. Two additional washes with 
250 ml of RO water were carried out to remove residual acid, followed by a further 
filtration of the char and oven drying of the char at 40 °C till dry.
2.4 Fourier transform infrared spectroscopy (FTIR)
Pyrolytic carbons have surfaces which can support large and highly variable numbers 
of surface groups depending on source material and production conditions (Qiu et al., 
2009; Song and Guo, 2011). These surface groups are oxygen bearing and produced 
by oxidation processes during pyrolysis. Broadly speaking they fit into three types,
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namely, hydroxyl groups, lactonic hydrolysis products and phenolic groups. These 
groups possess differing levels of acidity and chemical properties. They could 
potentially affect the surface chemistry of the carbon by causing steric hindrance for 
the binding of adsorbable molecules. Determining which, if any, of these groups are 
present can be achieved by determining the nature of the chemical bonds in the carbon 
sample.
Fourier transform infrared spectroscopy (FTIR) is a means of determining what 
chemical bonds are present within a material under investigation. This is achieved by 
detecting differences in absorption of different wavelengths of infra-red by a 
particular substance. Different bonds will absorb different wavelengths of infra-red 
(IR) radiation. This allows a qualitative analysis of the material to be made based on 
the types of chemical bonds of which it is constituted. To perform FTIR for each 
carbon, a small amount of powdered material is placed into the ATR (attenuated total 
reflectance) head. The ATR head has a diamond window and a diamond anvil which 
when closed crushes the sample firmly between the two diamond components. This 
method measures the difference in the reflectance of IR radiation rather than 
absorption. FTIR spectra were collected for each carbon using a Agilent Technologies 
Cary 600 FTIR spectrometer and the background radiation from the unloaded ATR 
head was subtracted from each spectrum. As carbons were acid washed for 72 hours 
in dilute (0.1 M) hydrochloric acid, the signal from certain basic groups such as 
pyrones reported in other studies would not be expected.
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2.5 Elemental analysis
The purpose of this project was not only to determine which materials are best for 
producing high quality pyrolytic carbons but also to determine what general 
properties make a suitable precursor for the production of high quality carbons. The 
elemental composition of precursors could potentially relate to the properties of the 
resulting carbons and as such are worth measuring. It is also worthy of note that the 
elemental composition of a precursor is strongly related to the caloric content of 
biofuels as measured by higher heating value (HHV) (Sheng and Avazedo., 2004). 
The determination of carbon, hydrogen and nitrogen content was achieved by CHN 
elemental analysis, which is a widely used standard analytical chemistry method. This 
method involves the combustion of the sample to liberate gaseous oxide bi-products 
the composition of which is determined by the instrument and recorded. Precursors 
were dried for 48 hrs at 60 °C in the presence of a calcium chloride desiccant. 
Elemental composition of precursors (CHN) was determined by total combustion 
analysis using a Leeman Labs CE440 Elemental Analyser. This machine has an 
accuracy of ± 0.15% and a detection limit of 1 jag in a sample of between 1 and 5mg. 
Triplicate samples of each material were analysed and averaged to determine 
elemental composition. Energy content was estimated using the method described by 
Sheng and Avazedo (2004).
2.6 ICPOES analysis
ICPOES is used to determine inorganic elemental composition including a wide range 
of elements such as those of groups I and II elements as well as transition metals and 
some group IV through to group VI elements. ICPOES is a technique which involves 
the creation of an inductively coupled plasma, that is a plasma where ionisation is
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sufficient to render the plasma electrically conductive. The analysis involves the 
introduction of a sample in the form of a nebulised acid digestate to the inductively 
coupled plasma torch. This torch is produced by the electrical ionisation of a flow of 
gaseous argon and its exposure to a radio frequency magnetic field. The purpose of 
the plasma torch is to both atomise and ionise the sample simultaneously. Argon is 
used due to the energetic favourability with which a neutral argon atom will be 
formed by recombination of electrons with positive ions. This tendency ensures that 
when electrons form neutral atoms in the plasma they are most likely argon atoms. 
This helps to maintain the analyte substances as positive ions. After introduction of 
the analyte, the plasma is used as a source of positively charged ions for optical 
adsorption spectroscopic measurements.
All ICPOES analysis presented were carried out at Alice Holt Forest Research 
Station. Before analysis the samples were ashed at 500 °C, subjected to aqua-regia 
digestion and diluted to the appropriate dilution for detection. Subsequently, the 
digest was filtered through a 0.45 pm syringe filter to remove particulates. The 
produced data represent the absolute quantities of different elements in mg/g in a 
given source material. As with most ICPOES analysis the elements analysed were 
predominantly metals and a few non-metals such as sulfur, antimony and phosphorus. 
Detection limits are less than 5pg/l digestate for all elements. All analysis was blank 
corrected; the ICPOES was calibrated with multi-element external standards provided 
by the National Institute of Standards and Technology (NIST).
2.6.1 Aqua Regia digestion
Aqua Regia is the name given to a mixture of concentrated hydrochloric and nitric 
acid. This mixture has the ability to dissolve all compounds found in the ash derived
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from the biomass to be analysed. To prepare samples for ICPOES analysis a pre­
weighted sample of oven dried source material was first ashed at 500 °C. For Aqua 
Regia digestion of the sample, the thus produced ash was placed into a quarts tube and 
0.75 cm3 of 70% nitric acid was added followed by 2.25 cm3 of 37% hydrochloric 
acid. The tubes were then left for 12 hours followed by heating first to between 70 
and 90 °C for 1 hour followed by heating to 110 °C for 2 hours. This was followed by 
the addition of 0.4 cm3 of H2O2 and heating to 110 °C for 30 mins. The digest was 
then diluted such that it could be analysed using ICPOES.
2.7 Estimation of carbonate content of chars
The predominant anion found in pyrolysed biomass is carbonate according to Yuan et 
al. (2010). It was of interest to determine if this was the case with the chars produced 
here and how the amount of carbonate relates to the properties of the carbons 
produced after acid washing.
At the start of the experiment 100ml of 0.1 M HC1 was added to 500ml durans. These 
were then opened to the air for 24 h after acid addition to allow any carbon dioxide 
initially present to be released from the solution and diffuse away. This equilibration 
period was deemed suitably excessive for the elimination of all dissolved CO2 . The 
vessels were then sealed and after 24 h the first carbon dioxide measurement was 
taken to check further CO2 had not been released. To determine the amount of 
carbonate present in each char, a 100 mg sample of char was placed into the 500 ml 
sealed glass bottle containing 100 ml 0.1 M hydrochloric acid. The char was allowed 
to react with the acid for 24 h before a syringe fitted with a hypodermic needle was 
used to extract a 10 ml gas sample from the head space of the bottle via a sealed 
sample port. The gas sample was then diluted as needed with nitrogen gas and passed
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into an ADC 225 Mk 3 infrared CO2 gas spectrometer to measure the concentration of 
CO2 in the head space. From this measurement the concentration of carbonate in the 
char could be calculated. From the concentration of carbon dioxide in the jars at the 
end of the experiment the total amount of carbon dioxide evolved from a sample was 
calculated. The IR CO2 analyser was calibrated for accuracy using pure CO2 from a 
cylinder provided by the British Oxygen Corporation. The CO2 formed by the 
reaction with acid will be stoichiometrically related to the amount of inorganic carbon 
present. This would usually be in the form of carbonate but CO2 may also be 
produced by hydrogen carbonate. The hydrogen carbonate anion is not stable above 
400 °C and decomposes into carbonate. It is therefore reasonably assumed that all 
CO2 detected was produced from the reaction of acid with carbonate. To adjust for the 
possibility that carbonates were present in the source materials before pyrolysis the 
non-charred source materials were also assessed for carbon dioxide evolution after 
exposure to acid as described. Carbonate content in a sample was calculated by 
subtracting the background reading for each bottle before the addition of char from 
the reading after. The carbonate content of a specific char was calculated by 
subtracting the amount of carbonate in the precursor (adjusted for yield) from the 
amount detected in the carbon after controlling for background CO2 evolution.
2.8 Nitrogen adsorption analysis
In surface science measurements of surface and textural properties are achieved using 
certain standard mathematical interpretations of multipoint nitrogen adsorption 
isotherms taken at the liquid/gas transition temperature of nitrogen (77 K). These 
methods work by measuring the adsorption of nitrogen as a function of changing
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pressure between 0 and 100 kPa. The interpretation of the parameters of this 
relationship allows the estimation of the surface and textural properties of the sample. 
To measure surface area and pore size, samples of carbon were outgassed at 200 °C 
for 12 h under flowing nitrogen gas using a Belprep 2 (Bel, Japan). A Belsorb mini 
surface area analyser (Bel, Japan) was used for the collection of nitrogen adsorption 
isotherms at 77 °K between pressures of 0 kPa and 100 kPa. The isotherms produced 
were used to produce BET plots from which surface area, pore volume and average 
pore sizes could be determined. Detailed mesopore size distributions were determined 
by BJH plots of adsorption/desorption isotherm data. Plots were produced and 
analysed by the software provided. Quality control was achieved using a 53.15 m2/g 
carbon black reference material (Bel Japan) provided with the instrument. 
Measurments of this material on different days using the methods described were not 
differed by no more than 1.5% of the average.
2.9 Electron Microscopy
Electron microscopy is a high resolution imaging technique which can be used to 
observe structures below the limit observable using a light microscope. As resolution 
is theoretically limited to half the wavelength of the radiation used for the 
observation, the short wavelength of high energy electrons allows greater resolution 
than is possible with light.
The electron microscope used was a Hitachi S3200N Scanning electron microscope. 
This was used to investigate the macropore and large mesopore structure of 5 
representative samples of carbons with high surface areas and one control sample 
(pine pyrolysed at 800 °C) with a lower surface area. Samples were first outgassed for 
2 h at 200 °C to remove residual moisture. The carbons were then mounted on sample
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holders using epoxy resin. This was followed by the application of a two 4 nm gold 
coatings by sputtering samples at different angles 45 degrees apart. The gold 
sputtering process is used to increase the production of secondary electrons and serves 
to enhance image contrast. Images were processed to adjust for optimum contrast and 
brightness before export.
2.10 X-ray diffraction
The composition of the inorganic phases of the unwashed chars can be determined by 
X-ray diffraction. This information allows the confirmation of the presence of 
carbonates and potentially the identification of unknown phases comprising the non­
carbonate fraction of the mineral content of the char.
Phase identification relies on differences in the diffraction patterns of X-rays 
produced by ordered phases of matter. An ordered phase is one in which the atoms or 
molecules are arranged in layers rather than distributed in a disorderly fashion. The 
best examples of materials with these properties are crystals such as salt or diamond. 
In essence the technique produces a unique pattern of diffraction peaks at different 
angles depending on the interatomic and intermolecular distances in regularly ordered 
solids such as crystals. The technique allows not only the characterisation of the 
structure of chemically known materials but also allows detection of known ordered 
phases in unknown composite materials such as the charcoals studied in this work. 
Untreated carbons were produced using pyrolysis at 500 °C using the fed batch 
process. The thus produced carbons were then ground into a fine powder using an 
agate mortar and pestle. The powder was used to fill an analysis pan which was 
levelled using a microscope slide. Subsequently, the charcoal filled pan was placed 
into the XRD analyser. X-rays used were copper ka (wavelength=0.154nm) produced
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at 40 KV. A goniometer rotated the sample at 0.01 degree increments with a dwell 
time of 2 s between each increment. The scanning range was 100 degrees. Data 
collected were analysed using high-score analysis software to produce peaks and 
match them to known ordered phases.
2.11 Methylene blue adsorption analysis
The dye methylene blue was used to investigate the capacity of biomass derived 
pyrolytic carbons to adsorb small organic molecules from aqueous solutions of 
different strengths. The purpose of this analysis was to determine adsorption 
capacities of each carbon in aqueous solution and how they related to the textural and 
surface properties of the carbon tested. Methylene blue was chosen as the probe 
species because it is used in standard measurements in the activated carbon industry 
as well as the academic literature pertaining to carbon surfaces (Raposo et ah, 2008; 
Vargas et a l, 2011). The methylene blue used was purchased from Sigma (UK) and 
had a purity of not less than 95%.
To determine the methylene blue adsorption capacity of a specific carbon, 50 mg of 
carbon was weighed into a 100 ml RO water, a neutral pH was established by adding 
HC1 or NaOH dropwise. Starting concentrations of 50, 100, 150, 200, 250, 300, 350 
and 400 mg/dm3 were established by addition of 2000mg/dm3 stock MB. This 
procedure was used to produce an adsorption isotherm for each carbon sample. To 
allow maximum adsorption of methylene blue onto the carbon under investigation, 
suspensions of methylene blue and carbon were kept stationary at 25 °C under 
standard atmospheric conditions for 72 hrs. In addition controls with no carbon were 
run alongside the experiment to ensure that adsorption was not related to the 
containers used. At the end of the adsorption period, 10 ml of the remaining
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methylene blue solution and suspended carbon was removed with a syringe and 
filtered through a 0.2 pm syringe filter to remove all particulates. The filtrate was then 
diluted sufficiently to place the concentration in the range of 1-5 mg/dm3 and optical 
density was measured at 668 nm (which is the wave-length that gives peak optical 
absorbance for methylene blue). The optical density was compared with a set of six 
standards of concentrations 0, 0.5, 1,2, 3,4, 5 and 6 mg methylene blue/1. A linear 
relationship is found for standards and the correlation and the cut off for the 
calibration was R2>0.995. All samples were diluted so that concentrations fell within 
the concentration range of the standards.
Methylene blue adsorption isotherms were fitted to the Langmuir and Freudlich 
equations by using the method of ordinary least squares to fit the linear form of each 
equation. Coefficients were determined from the fitted data relationships.
The Langmuir equation (derived in 1.14):
aP 
6 =
1 + aP
In terms of absolute quantities of an adsorbate:
QbCe
e
Where qe is the amount of solid state adsorbate, Ce is the concentration of the 
adsorbate in solution, Q is the maximum capacity for adsorption and b is a constant.
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This form of the equation can be expressed in a form allowing the fitting of real data 
by linear regression.
qe Q bQ
To fit data, a plot of Ce /qe against Ce yields a slope of 1/Q and an intercept of 1/Qb. 
Using the graph it is therefore possible to calculate the values of Q and b.
The Freudlich equation may also be used to model adsorption data. This equation 
assumes that the quantity of adsorbate adsorbed on a surface is proportional to the 
power of the concentration of the adsorbate in solution.
X  1
m
Where x is the mass of adsorbate, m is the mass of adsorbant, p  is the partial 
pressure (concentration) of adsorbate at equilibrium. K and n are constants.
In terms of the absolute quantities of adsorbant and adsorbate:
qe =  KCen
A plot of lnqe against lnCe yields a line of slope 1/n and a maximum adsorption 
capacity (Q) equal to the exponent of the intercept.
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2.12 Boehm Titrations
As mentioned above, activated carbons possess some surface functionality in the form 
of lactonic, phenolic and carboxylic moieties. The Boehm titration is a technique first 
published by HP Boehm in 1964 (Boehm et ah, 1964). The technique allows the 
quantification of different types of surface groups based on the different pKa values 
of the different acidic surface groups. Sodium hydrogen carbonate, sodium carbonate 
and sodium hydroxide are used to determine the pKa values of the different surface 
groups. These reagents are assumed to neutralise surface groups of strong acidic, 
moderately acidic and weakly acidic groups respectively. Strong acidic surface groups 
are assumed to be predominantly carboxylic acids, while moderate strength acidic 
groups are mostly lactonic hydrolysis products and weakly acidic groups correspond 
to weakly dissociating phenols. The procedure involves adding 100 mg of desiccated 
carbon to 10 ml of 0.05 M base (sodium carbonate is used at 0.025 M to achieve 0.05 
M of equivalent base). Controls consist of equivalent volumes of base without 
carbon. The reactions are allowed to proceed for 48 h to ensure complete 
neutralisation of each class of surface groups. After this, the suspensions are syringe 
filtered through a 0.25pm Millipore filter. Due to the variation in pKa values of the 
bases it is not practical to directly titrate the remaining base. Therefore 5 ml of the 
filtered solution is reacted with 10 ml of 0.05 M hydrochloric acid and allowed to 
react for 24 h to ensure complete neutralisation and release of dissolved CO2 from the 
solution. The remaining acid is back titrated with sodium hydroxide.
2.13 Data analysis
General data analysis and figure construction was carried out in Microsoft Excel. 
Regression analysis and production of correlation matrices was carried out in PASW
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(SPSS inc). The Spearman’s rank correlation is used for non-normally distributed 
data. The use of parametric statistics in this work is contingent on confirmation of 
normality in those data by the Shapiro-Wilks test; r indicates Pearson correlation, q 
indicates Spearman rank correlation was used. All significance values were 
determined by a two tailed t-test (on ranks for Spearman’s rank correlation). Unless 
otherwise stated the statistical significance cut-of used in this work is p < 0.05. The 
lower limit for reporting significance is p < 0.00001. With small case numbers (n < 
10) the lower limit for reporting significance is p < 0.01 but with the same 
significance cut-of at p < 0.05. Error bars are given where appropriate. When given 
they represent the standard deviation of values for replicate samples unless otherwise 
stated.
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Chapter 3
Structural and surface properties of biomass derived pyrolytic
carbons
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3 Structural and surface properties of biomass pyrolytic carbons
3.1 Introduction
During agricultural practices large proportions of most crops are discarded as having 
little food or other value. For example oilseed rape straw can be purchased from the 
Alibaba (an online sales site) between £20 and £40 per metric tonne compared with 
£60-100 per metric tonne for coal. This straw is normally ploughed back into the soil 
and has little value as animal feed or animal bedding. The production of oilseed rape 
biomass sequesters carbon dioxide from the atmosphere while the combustion of 
fossil fuels can only contribute to net emissions of carbon dioxide. Other agricultural 
residues such as sugar beet tops and cereal straws are potential candidates for the 
production of bioenergy, but in the case of production of bio-ethanol the residue needs 
to be rich in sugars to allow efficient fermentation. This means that with increasing 
pressure to reduce greenhouse gases, energy crops such as sugar beet and sugar cane 
are grown specifically for energy production. As such crops take up useful land 
which can be used for the production of food, a conflict of interest arises which is 
exacerbated by subsidies that promote bioenergy in favour of food production. An 
alternative approach is the production of bioenergy from algal biomass which has no 
food value (Vardon et al., 2012; Bruhn et al., 2010). This strategy could reduce 
reliance on valuable farmland and invigorate coastal economies.
The main methods for the production of energy from biomass are fermentation, 
combustion and gasification. Combustion of biomass in the presence of oxygen 
liberates heat and leaves only the ash. Alternatively gasification of biomass can 
produce a gaseous fuel (syngas) composed of carbon monoxide and volatile organics 
which can then be used for combustion or converted into fuel for engines and
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automobiles by the Fischer-Tropsch process (Tijmensen et a l, 2002; Reichling and 
Kulacki, 2011). Pyrolysis is similar to gasification in that the reaction takes place 
under oxygen limited conditions. However, oxygen limitation is more severe with 
pyrolysis, where the biomass is heated in the complete absence of oxygen. This is 
similar to distillation and produces a mixture of carbon monoxide and hydrocarbons. 
Pyrolysis and gasification also produce a carbon rich residue or char. This material is 
the left over carbon after all possible volatilisation has occurred. Char can be used as a 
fuel or as a soil amendment. It would be possible for subsequent activation to improve 
the value of these pyrolytic carbons. This approach has the drawback of requiring 
extrinsic activation agents such as potassium carbonate or carbon dioxide and an 
additional energy intensive treatment step. Large variations have been observed in the 
surface areas and pore volumes of pyrolytic carbons. Some high surface area biochars 
with maximum surface areas of 186-450 m2/g have been produced without direct 
activation processes from sugar cane bagasse, chicken litter and other agricultural 
wastes (Carrier et a l, 2012; Cantrell, 2011). It is the purpose of this investigation to 
determine the potential of variations in the pyrolysis process and input feedstock to 
produce high surface area materials without extrinsic activation methods. The focus is 
placed on the residual biomass of major agricultural crops and potential bioenergy 
feedstocks such as algae.
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3.2 Materials and methods
3.2.1 Source materials
The source materials are as described in section 1.1. They were sea beet leaves {Beta 
vulgaris), stinging nettle tops {Urtica dioica), oilseed rape straw {Brassica napus), 
alfalfa straw (Medicago sativa), barley straw (Horedeum vulgare), sweet chestnut 
wood (Castanea sativa), eucalyptus wood {Eucalyptus gunnii), and pine wood (Genus 
Pinus), sea sorrel {Desmarestia ligulata), oarweed {Laminarea digitata), 
bladderwrack {Fucus vesiculosis) and the serrated wrack {Fucas serratus).
The materials were all pre-dried at 60 °C and shredded to a particle size of <2 cm 
before pyrolysis.
3.2.2 Elemental analysis
Elemental analysis was carried out to determine the composition of the precursors 
with regard to the percentage carbon, hydrogen and nitrogen. Large differences in the 
proportion of these elements would indicate significant divergence in the fuel value of 
the precursors. The method involved the use of a Leeman Labs CE440 Elemental 
Analyser for combustion analysis as described in section 2.5 of this thesis.
3.2.3 Pyrolysis setup
Production of char was carried out using a high temperature Carbolite muffle furnace. 
Chars were produced by placing the source material inside a steel container of 25 cm 
in length with one end sealed and a steel lid secured on the other end as described 
previously (section 2.1.1). Ramping of the temperature in the oven was carried out at 
an approximate rate of 100 °C per 15 minutes until the final pyrolysis temperature was 
reached. This temperature was maintained for one hour, after which time the furnace
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was switched of and left until cool. Observation of temperature ramping was 
facilitated by a laser assisted infrared heat sensor which was directed at the rear end of 
the container (where the pyrolysis took place.) This infrared method was used to 
confirm temperature readings displayed by the furnace temperature probe. This 
confirmation was carried out in test runs using both the empty vessel and the vessel 
charged with source material.
3.2.4 Post pyrolysis treatment
After pyrolysis, soluble inorganic content was removed using dilute hydrochloric acid 
(as described in section 2.3). This procedure solubilises most metal salts and washes 
them out of the carbon structure. After filtration two additional washes were carried 
out to remove residual acidity. Following this, the carbons were dried in an oven at 
60 °C for 48 hrs before characterisation of each material.
3.2.5 Surface characterisation
Samples were outgassed at 200 °C under flowing nitrogen for 6 hours in a Bell prep 2 
(Bell, Japan). Nitrogen adsorption - desorption at 77 °K was used to characterise the 
surface structure of the carbons using a Belsorb Mini (Bell, Japan) surface area 
analyser. Samples were cooled to 77 °Kby immersion in liquid nitrogen and 
multipoint adsorption isotherms of the sample were collected between 0 and 100 KPa. 
Surface area and pore volume were calculated using the BET method. The 
distribution of mesopores was determined using the BJH method. The proportional 
distribution of micropores and mesopores was determined by subtracting the 
mesopore volume derived from the BJH model from the BET total pore volume. Thus 
the definition used for mesopores is the BJH total porosity in the range of 2 nm-100
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nm. Pores larger than 100 nm are not assessed using this method as pores above these 
sizes are not measured using the nitrogen adsorption technique. The carbon surface 
area is likewise determined by the BJH method for the same pore size range and 
subtracted from the BET total surface area.
3.2.6 Electron microscopy
Examination of the general micro-structure of the pyrolysed materials was facilitated 
by scanning electron microscopy as described in section 2.9. All carbons were ground 
in a mortar and pestle before fragments with a size range of 1 -5 mm were selected and 
prepared as described in section 2.9.
3.3 Results
3.3.1 Precursor composition
Elemental analysis produced results for all 13 source materials; these are presented in 
the table 3.1 below. Nitrogen was not detected in some of the land plants (sweet 
chestnut wood, pine wood, barley straw and eucalyptus wood). Biomass precursors 
were all of similar composition with regard to the relative proportions of carbon, 
hydrogen and nitrogen. In general, sea weeds had slightly lower carbon (32.8 - 
36.1%) content than the land plants (35.2 -  45.6%) but had slightly higher nitrogen 
content. Woody biomass had higher carbon content than non-woody biomass; 43.6 - 
45.6% C for woody biomass compared to 35.2 - 43.6% for non-woody biomass. 
Hydrogen content broadly followed proportional carbon content.
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Eucalyptus 
46.5 
0.274 
5.74 
0.06 
BDL 
BDL
Wrack 
33.5 
0.257 
4.83 
0.10 
1.88 
0.416
Table 3.1 Elemental compositions of biomass precursors as determined using CHN 
analysis. BDL: Below limit of detection.
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3.3.2 General structural features
All pyrolytic carbons used in this work were derived from biomass precursors. 
Pyrolysis far from destroying the complex structure o f living organisms preserves the 
fine detail at even the highest magnifications. In the electron micrograph (EM) images 
(image 3.1), two woody biomass precursors, namely pine and sweet chestnut are 
compared after pyrolysis at 800 °C. The internal structure o f the material is visible 
due to the small randomly fractured fragments produced by grinding. Pine is a soft 
wood o f low density and coarse grain while sweet chestnut produces a denser and 
finer grained wood.
Image 3.1 Electron micrographs showing the pore structure o f char derived from 
pine wood (images A and C) and char derived from sweet chestnut wood (images B 
and D). Magnification 500X for A and B; 10,000Xfor images C and D.
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Images A and B (top of image 3.1) are of the same scale and demonstrate the tight 
packing of the tubular pores produced from the pyrolysed vascular structure of the 
wood. It is apparent from the EM images that the pore structure of the pine wood char 
is more open with larger pores of around 25 pm than those present in sweet chestnut 
char for which the pore diameters are around 6 pm. Examination of the lower images 
which were produced at higher magnification shows the differences in the wall 
thickness. The carbon derived from pine wood having a macropore wall thickness of 
around 1 pm and less than this at greater distances from the junctions between pore 
edges. The carbon produced from sweet chestnut wood had pore walls that were 
between 2-3 pm in thickness. These differences show that the general properties of 
the biomass precursor relate to the approximate structure of the pyrolytic carbons 
derived from them.
The non-woody material had a similar general structure as the woody materials, with 
tubular macro-pores of similar dimensions of between 10 and 20 pm. The oilseed rape 
derived char had a slightly denser structure with smaller pores and thicker pore walls 
than those of the char derived from alfalfa straw. At 10,000 X magnification it is 
possible to see very large mesopores in the 100-300 nm range present in the rape 
straw char but not in the char derived from alfalfa straw.
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Image 3.2 Electron micrographs showing the pore structure o f char derived from  
alfalfa straw (images A and C) and char derived oilseed rape straw (images B and 
D). Magnification 2500Xfor A and B, 10,000Xfor images C and D.
For the seaweed derived materials a markedly different pore structure is noticeable. 
The structure o f these materials is clearly disorganised and cellular, composed of 
small 7-10 pm compartments. This is in contrast to the neatly repeating tubular 
structure o f the woody and non-woody land plants. This is not surprising as seaweeds 
do not possess the vascular structure found in higher plants.
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Image 3.3 Electron micrographs showing the pore structure o f char derived from  
bladderwrack (images A and C) and char derived from oarweed (images B and D). 
Magnification 2,500Xfor A and B, 10,000Xfor images C and D.
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3.3.3 Microporous and mesoporous surface properties
3.3.3.1 N% Characterisation results
The isotherms presented in Fig. 3.1 show large differences between activated carbons 
that can be bought from different manufacturers in their ability to adsorb nitrogen.
The curves produced are characteristic type two isotherms (IUPAC, 1985) produced 
by multilayer adsorption of gas molecules on the carbon pore surfaces. This 
multilayer adsorption behaviour is the reason the BET rather than Langmuir equation 
is used to extract information from nitrogen adsorption isotherms. Hysteresis loops 
are visible on all four isotherms. Hysteresis occurs due to differences between the 
enthalpy of adsorption and desorption. Density functional theory modelling and other 
techniques presented in Sangwichian et al. (2002) shows that the greater hysteresis is 
associated with increased enthalpy of adsorption, increased pore length (distance from 
one aperture to another) or both.
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Figure 3.1 Exemplar nitrogen adsorption isotherms between 0 and lOOKPa. Points 
in grey represent adsorption during uptake, points in black represent subsequent 
desorption. The top two graphs are produced from data collected fo r  oarweed (Ow8- 
1) and oilseed rape straw(2R8-l) both prepared by pyrolysis at 800°C fo r one hour. 
The lower graphs are fo r  two commercially available activated carbons (Fisher 
general purpose activated carbon and Chemviron’s Pulsorb 5.)
Units on the Y axis are equivalent volume o f nitrogen adsorbed under standard 
conditions (25°C; lAtm). The X  axis units are the partial pressure o f nitrogen as a 
function o f atmospheric pressure.
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The main process variable in pyrolysis is the temperature at which pyrolysis is carried 
out. The temperature affects both the properties of the char produced and the 
composition of the gaseous products. The focus of this work is the characterisation of 
the carbon component of the char produced. Fig. 3.2 below shows the range of 
specific pore volumes produced with the highest pore volume carbons compared with 
pine as a low pore volume control when pyrolysis is conducted at different 
temperatures.
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Figure 3.2 Effect o f pyrolysis temperature on the pore volume o f pyrolytic carbons 
produced from three precursors each representing a distinct type o f source material 
(Wood, non-woody land plants and seaweed). Each point represents a single material 
produced according to the method described in 2.1.1. All materials are considered 
separately.
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Temperature has a profound effect on the pore volume of pyrolytic carbons, with both 
the range of surface areas and the maximum achievable surface area rising with 
pyrolysis temperature
1200
ro 1000
Q. 600
Figure 3.3 Specific surface area ofpyrolytic carbons derived from different source 
materials. All carbons were produced at 800°C using the batch method described in 
2.2. All materials were acid washed and outgassed as described in 2.5 and 2.6 
respectively. Bars shaded grey indicate commercially available activated carbons. 
Data presented are averages where replicates are available. White error bars 
represent one standard deviation where presented data are means o f three replicates.
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The commercial materials presented cover the full range of commercially available 
grades of activated carbon. Pulsorb 5 is a standard powdered activated carbon 
produced by Chemviron Ltd. the European subsidiary of the Calgon carbon 
corporation and is sold for the purpose of environmental remediation and water 
purification. This material is widely used by the water and remediation industries and 
represents the most general standard of comparison for the quality of high surface 
area carbons. BPH gas adsorption carbon is a carbon sold for the adsorption of 
chlorinated organic vapours such as trichloromethane. The Fisher carbon is a general 
purpose material sold by the Fisher laboratory supply company for day to day 
laboratory usage. It represents a higher grade commercial carbon for smaller volume 
applications. The Norit CN1 is a very high performance activated carbon sold for the 
decolourisation of liquids and other aqueous separation procedures. By comparison, 
biomass derived pyrolytic carbons can possess a wide range of surface areas which 
are consistent within batches of the same precursor. For example eucalyptus wood 
results in a carbon with a surface area below 200 m2/g while oarweed can be 
transformed into a carbon with a specific surface area of over 1400 m2/g. These data 
suggest that the pyrolytic carbons produced from non-woody biomass can compete in 
terms of surface area with commercially produced activated carbons. Oarweed carbon 
in particular has a higher specific surface area than any of the commercial samples 
tested. It is important to note that the results obtained with the different source 
materials tested were obtained without the addition of specific ‘activating agents’, 
such as steam, carbonates or metal salts.
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Figure 3.4 Total pore volumes o f carbons derived from different source materials 
separated into meso- and micro-pores. Total pore volumes were determined by BET 
analysis o f nitrogen adsorption isotherms between 0 and lOOKPa. Mesopore volume 
was determined by BJH analysis o f BET nitrogen adsorption isotherms. Lower error 
bars are representative o f one standard deviation fo r  means o f mesopore volume fo r  
replicate materials where replicate data are available. The upper error bars 
represent one standard deviation fo r  means o f total BET pore volume.
Fig 3.4 shows that micro-porosity predominated in pyrolytic carbons with pore 
volumes less than 0.4 cm3/g, while meso-porosity tended to be greater in pyrolytic 
carbons that had pore volumes that were more than 0.4 cm3/g. The carbons with pore
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volumes of around 0.1 cm3/g or less were almost entirely microporous in nature. 
Pyrolytic carbons had similar proportions of micro-porosity and meso-porosity 
compared to commercially produced activated carbons.
HI
Figure 3.5 Average pore diameters o f carbons produced at 800°C. Average pore 
diameter was determined by BET analysis o f nitrogen adsorption isotherms between 0 
and lOOKPa. Error bars represent one standard deviation fo r  means ofpore diameter 
(nm) where replicates are available.
Mean pore diameters for pyrolytic carbons varied between 1.5 nm and 3 nm. Carbons 
with larger mean pore diameters roughly corresponded to carbons with a larger 
proportion of mesopores. The pyrolytic carbons had smaller mean pore diameters than 
the commercial activated carbons which occupy the top 3 positions on the graph. The 
industrial standard material Pulsorb 5 has a smaller average pore diameter comparable
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to that observed in pyrolytic carbons with specific pore volumes greater than 0.4 
cm3/g. In general the pore sizes of high surface area (>500 m2/g) carbons whether 
they are “activated” carbons or biomass derived pyrolytic carbons had a similar 
average mean pore size.
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Figure 3.6 Curves showing BJH pore size distributions ofpyrolytic carbon derived 
from oarweed (20w8-l) and oilseed rape straw (2R8-1) and general purpose 
activated carbon (Fisher scientific) and Pusorb 5 (Chemviron). The x axis units are 
pore radius (nm), the y-axis represents change in pore volume (at that radius) with 
units o f cm3/g.
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From the above graph (Fig 3.6) it is possible to see the relative contributions of 
different pore size classes to the overall pore volume of two activated carbons and 
pyrolytic carbons derived from two biomass precursors' The curves clearly show that 
the contribution to pore volume made by different pore size classes is not normally 
distributed or random. The curve shows a specific pattern of porosity for each of the 
analysed carbons. The first part of the curve near the origin shows that both large 
micro-pores and small mesopores (those with a pore diameter of between 1.5 and 5 
nm) make a large contribution to the overall pore volume. The contribution to total 
volume of pores that are greater than 2 nm is smaller for each increase in pore size but 
these pores are distributed more widely, thus the overall contribution of the larger 
pores is greater. Oarweed derived carbon show a large proportion of highly 
developed large mesopores with a diameter greater than 10 nm. This may be seen as 
the uptick in the distribution graph of pores with a diameter of > 10 nm
3.4 Discussion
Biomass precursors had broadly similar elemental compositions as shown in table 3.1. 
Higher carbon and hydrogen content were observed in the following order, wood > 
non woody land plants > seaweeds. The total variation of a specific element in the 
different pre-cursers was around 10% of the total mass of the precursor. The values of 
these materials for energy generating pyrolysis is likely to follow a similar order as 
energy content is correlated to carbon and hydrogen content (Cheng and Azevedo, 
2004). This does not however take account of the value of the carbons produced from 
the source materials or any value attributable to the residual ash mass o f the precursor 
after pyrolysis. Non-woody plants grow much more rapidly and are widely available
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as low value crop residues. Seaweeds and other algae are also fast growing and are 
already harvested on a modest scale in western Europe (Roberts and Upham., 2011). 
The value of the carbon component of the char is likely to be strongly determined by 
its textural properties. It has been shown that significant variation in textural 
properties exists between pyrolytic carbons produced using different precursors and 
conditions. It has also been demonstrated that pyrolysis runs using same materials and 
conditions will produce similar results when replicated. This suggests that the 
properties of the precursor are key to the pore volume and structure of the resulting 
pyrolytic carbon. Other than the precursor, temperature appears to have the most 
profound effect on pore volume. As temperature increases, the pore volume of the 
resulting pyrolytic carbon increases. The increase is much greater in some materials 
(oarweed) than in others (pine). This suggests that the precursors vary in some way 
which affects the process of pore formation during pyrolysis. The literature has a 
number of examples of attempts to explain pore formation in carbons during 
pyrolysis. Some authors have suggested that increased volatilisation at higher 
temperatures leaves gaps in the structure of the precursor (Fu et al., 2012; Klose and 
Schinkel, 2002). It has also been suggested that partial shrinkage of the overall 
structure due to the loss of volatile components may open microscopic spaces in the 
structure of the precursor (Raveendran and Ganesh, 1997). Whatever the 
mechanism/s, there is huge variation in the maximum achievable pore volume 
between materials and much less variation within replicates of the same material (Fig. 
3.4). Within the range studied the optimum temperature-for developing high pore 
volume in all source materials was around 800 °C. It can also be seen that the volume 
of mesopores as a proportion of the total specific pore volume is increased with the 
specific pore volume itself (Fig 3.4). This implies that the processes responsible for
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producing elevated specific pore volume also tend to result in larger pores. 
Approximately 30% meso-porous character has been found in the commercial 
activated carbons analysed. Physical activation using steam usually produces a meso- 
porous material with average pore diameter larger than 2 nm (Williams and Reed, 
2006). This suggests it is possible that evolved steam from the thermal decomposition 
of the precursor is involved in pore formation. Chemical activation usually produces a 
mixture of micro-porosity and meso-porosity (Williams and Reed, 2006). More 
micro-porosity is observed at lower temperatures, but a higher degree of meso- 
porosity was seen at higher temperatures along with the formation of greater pore 
volumes. The temperature used so far in this work has been relatively high (800 °C) 
which may explain some of the meso-porosity found in these carbons.
The specific pore volumes resulting from intrinsic activation are found to cover and 
exceed the full range observed in the commercial activated carbons characterised. 
Most commercial activated carbons have surface areas of 500 to 1500 m2/g. The 
highest surface area found as a result of intrinsic activation has been -1600 m2/g. The 
range of materials covered suggests that the best materials to use for intrinsic 
activation are the macro-algae and the residual straw left over from the production of 
rapeseed. The intrinsic activation process compares favourably to a number of 
attempts to produce activated carbon from low cost source materials such as rice 
husks, using extrinsically applied chemical and physical activation but without the 
addition of any external agent (Kalderis et ah, 2008). As a result, intrinsic activation 
has the advantage of low cost (source materials costing around £40 per tonne). This 
makes the material potentially very interesting commercially due to its ability to fill 
the vacant commercial niche of high quality, very low cost carbon. The process is also 
interesting from the point of view of environmental science and remediation because
67
an activated carbon of such low cost and ease of production could allow in situ 
remediation of organically contaminated soil and water on a large scale. The potential 
in the long term is for intrinsic activation to make carbons of high porosity cheap 
enough to contribute to carbon burial and large scale, low cost pollution clean-up 
while incentivising the development of economies of scale for pyrolysis.
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Chapter 4
Mechanisms of Intrinsic activation during the pyrolysis of biomass
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4. Mechanisms of Intrinsic activation during pyrolysis of biomass
4.1 Introduction
In the previous chapter it was shown that pyrolysis of certain biomass precursors can 
produce novel carbons of comparable, or greater porosity than commercially available 
activated carbons. To distinguish these carbons from activated carbons that are 
produced as a result of exposing carbons to externally applied oxidising agents such 
as steam, carbon-dioxide and chemical oxidising agents, the term ‘intrinsically 
activated carbons’ has been coined. In this chapter possible mechanisms and 
relationships between the composition of the inorganic fraction of the precursor and 
the produced carbon properties are presented. This is in an attempt to determine 
predictive relationships which would allow the chemical principles behind the process 
to be utilised in a more generic fashion. It is also of fundamental scientific value to 
determine how the porosity in intrinsically activated carbons is produced allowing 
better control of the process itself. The current production methods for activated 
carbon are energy intensive and require significant quantities of chemical activating 
agents. The chemical activating agents are often used in 1:1 to 2:1 ratios of activating 
agent to precursor for zinc chloride (Acharya et al, 2008) or potassium carbonate 
(Gurten et al, 2009). Addition of large quantities of activating agents is expensive 
and wasteful when similar materials can be produced by pyrolysing the appropriate 
biomass precursor without any extrinsic activation methods applied. By developing an 
understanding of the chemical mechanisms involved in intrinsic activation processes 
during pyrolysis it may be possible to improve the efficiency of the current activated 
carbon industry as well as incentivising the creation of an entirely new approach to 
producing activated carbons.
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4.2 Materials and methods
4.2.1 Materials used for batch process
Materials used for the batch process were as in 2.2.
Non-woody land plants: The following non-woody plant materials were used: Leaves 
of sea beet {Beta vulgaris), stems and leaves of stinging nettle (Urtica dioica), oilseed 
rape straw (Bmssica napus), alfalfa straw (Medicago saliva) and barley straw 
(Horedeum vulgare).
Woods: The wood of the following tree species were used: Sweet chestnut (Castanea 
saliva), eucalyptus {Eucalyptus gunnii) and scots pine {Pinus sylvestrus).
Seaweeds: The dried fronds of the following sea weeds were used: Sea sorrel 
(Desmarestia ligulata), oarweed {Laminarea digitata), bladderwrack {Fucus 
vesiculosis) and the serrated wrack {Fucas serratus).
4.2.2 Materials used for fed batch process
Non-Woody land plants: Oilseed rape straw {Brassica napus), alfalfa straw 
{Medicago saliva).
Woods: Scots pine {Pinus sylvestrus).
Seaweeds: Oarweed {Laminarea digitata) and bladderwrack {Fucus vesiculosis).
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4.2.3 Pyrolysis
4.2.3.1 Batch pyrolysis
Batch pyrolysis was carried out according to the method described in section 2.1. 
Pyrolysis reactions proceeded for 1 h at the required temperature, excluding ramp up 
time and time required for cooling. Batch pyrolysis was followed by acid washing in 
dilute HC1 (0.1 N) for 48 hrs to remove residual mineral content from the carbon.
4.2.3.2 Fed batch pyrolysis
Rates at which activation occurred were determined by pyrolysing a given material at 
800°C for either 10, 30 or 60 minutes in a sealed rotary tube furnace. This was 
followed by acid washing as described in section 2.3. Surface analysis was conducted 
by the nitrogen adsorption BET method as described in section 2.4. Pyrolysis was 
conducted for each material for each of three durations (10 minutes, 30 minutes or 60 
minutes). The pyrolysis took place either in a flowing nitrogen atmosphere or within a 
stationary atmosphere following a nitrogen purge. The reaction rates were calculated 
for each time point in cm3g'1min'1, giving a measure of pore volume formation per 
minute. The specific pore volume formed during previous time points for each 
material were subtracted from that formed in the time interval following to estimate 
the specific pore volume formation rate at time intervals as well as during the whole 
reaction. In addition, a pyrolysis reaction was carried out at 500 C for each precursor 
to determine the amount of inorganic carbon (carbonate) formed during pyrolysis. A 
temperature of 500°C was chosen as this temperature was low enough for complete 
pyrolysis of the source material but not high enough to cause decomposition of 
carbonate compounds. To facilitate comparison of chemical composition of precursor 
and intermediate pyrolysis products, yields by weight were measured after pyrolysis
at 500°C before acid washing. These yields were used to calculate the proportions of 
different elements in the intermediate char produced after volatiles were removed. 
The mineral content was assumed to be non-volatile at 500°C. This is a reasonable 
assumption as ICPOES measurement of inorganic elemental content of samples 
involved thermal treatment at the same temperature (as the pyrolysis) before acid 
digestion and measurement.
4.2.4 ICPOES
ICPOES analysis was conducted as described in section 2.5. Three samples of each 
source material were analysed to produce an average measurement for each element 
for each biomass precursor. Elements measured were, potassium, magnesium, 
calcium, sodium, boron, phosphorus, sulfur, aluminium, manganese and iron.
4.2.5 Carbonate analysis
Quantities of 25 g of each source material was pyrolysed at 500°C under a stationary 
atmosphere following a complete nitrogen purge of the rotary tube furnace. Three 
measurements of the carbonate content of the unwashed char using the method 
described in section 2.5 were carried out. Briefly, this involved the acid treatment of 
the samples to release CO2 from carbonates followed by measurement of the amount 
of CO2 released. These measurements were carried out in triplicate for each of the 
precursor materials to determine if there was detectable carbonate present before 
pyrolysis.
4.2.6 X-ray diffraction analysis
Samples were characterised by powder X-ray diffraction as described in section 2.6. 
X-ray diffraction patterns were collected over a range of 20 from 3° to 100° using 40
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Kv X-rays (Copper alpha, 0.154nm). Peaks were determined manually by reference 
to the literature as well as by using the proprietary software Highscore (Panalytical, 
UK).
4.2.7 Statistical analysis
Predictive analytic software (SPSS version 20, IBM) was used to assemble bi-variate 
linear correlation matrices between variables and determine the statistical 
significances of the observed relationships. The Spearman rank correlation coefficient 
was used due to a non normal distribution in some data. Graph plotting was 
completed in Microsoft Excel 2010. Due to the use of Spearman rank correlation, all 
lines fitted to graphs are visual representations only; straight lines are fitted for the 
purpose intercomparability.
4.3 Results and discussion
4.3.1 Relationships between mineral content and intrinsic activation.
To determine the effects of inorganic elemental composition on the pore formation 
process regressions were carried out between the total mineral content of precursors 
as well as the individual elements detected and the textural properties of the carbon 
produced from them at 800°C. Textural properties of the carbons were derived from 
BET analysis of nitrogen adsorption isotherms as described in section 2.4 as well as 
the BJH method also described in section 2.4. Inorganic elemental content was 
determined by ICPOES analysis as described above.
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Figure 4.1 Relationship between the total mineral content o f precursors and the 
textural properties o f the resulting intrinsically activated carbons. All materials were 
produced during pyrolysis at 800°C for one hour using the batch pyrolysis method 
described in section 2.1.
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Fig 4.1 shows that total mineral content was correlated with the total pore volume 
formed (q=0.76, p=0.002), mean pore diameter (q=0.92, p=<0.001) and the volume of 
pores larger than 2nm (q=0.84, p=0.<001). This shows that mineral content has been 
directly implicated as causing variation in the textural properties of intrinsically 
activated carbons. This result also suggests that substanceswhich occur naturally in 
biomass or form during pyrolysis may function as activating agents with similar 
results to exogenously added chemical agents are used to produce activated carbons. 
These results indicate that the substancespresent in biomass sources can increase the 
porosity of the carbons to an extent that makes them comparable to commercially 
available activated carbons. It is also suggested that some of the pores are formed 
without the involvement of these substances. The volume of pores that are formed 
which is unrelated to inorganic elemental compositionis equivalent to the Y intercept 
of the straight line formed by ploting BET specific pore volume and total mineral 
content. The relationship with external pore volume (mesopores) has a Y intercept 
close to 0 suggesting that most of the meso-pores are formed as a result of the specific 
chemical composition of the precursor.
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Figure 4.2. Relation between the potassium content o f precursors and the textural 
properties o f the resulting intrinsically activated carbons. All materials were
produced using the batch pyrolysis method described in section 2.2 fo r  one hour at
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Potassium was of particular interest due to the wealth of literature describing the use 
of potassium salts as activating agents (Bagheri and Abedi, 2009; Zubizarreta et a l, 
2008; Azargohar and Dalai., 2008). There was a significant correlation between 
potassium content and total pore volume formed (q=0.73, p=0.005), mean pore 
diameter (q=0.87, p=<0.001) and the volume of pores larger than 2nm (q=0.84, 
p=0.<0.001) showing that potassium content of the precursor is correlated with 
textural properties to a similar degree to the overall mineral content (Fig 4.2).
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Figure 4.3. Relation between the magnesium content o f the precursor and the textural 
properties o f the resulting intrinsically activated carbons. All materials were 
produced using the batch pyrolysis method described in section 2.2 fo r  one hour at
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Figure 4.4 Relation between the combined sodium and calcium content o f precursors 
and the textural properties o f the resulting intrinsically activated carbons. All 
materials were produced using the batch pyrolysis method described in section 2.2 fo r  
one hour at 800°C.
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Magnesium content correlated significantly with specific pore volume (q= 0.68, p= 
0.01), mean pore diameter (q=0.75, p=0.003) and external (mesopore) volume ( q=  
0.75, p= 0.003). Magnesium is present in much smaller quantities than sodium, 
calcium or potassium, yet it had a stronger statistical relationship with textural 
properties than these other three more prevalent cations. Fig 4.4 Shows that the 
combined sodium and calcium content predicts to a large extent pore volume (q=
0.76, p= 0.002), mean pore diameter (q=0.86, p= <0.001), and external (mesopore) 
volume (q=  0.82, p= 0.001) of intrinsically activated carbons. Sodium and calcium 
alone were also correlated with the carbon’s textural properties and non-significant 
predictors of textural properties of intrinsically activated carbons. However adding 
the content of the two elements together gave a variable with stronger predictive 
power. This power relationship was more pronounced for external (mesopore) volume 
than for BET pore volume or BET mean pore diameter. The correlation between the 
combined sodium and calcium with pore volume was similar but not stronger than the 
correlation between total mineral content and pore volume.
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Figure 4.5 Relationship between Sulfur content in the precursor material and the 
textural properties o f the resulting pyrolytic carbons. All materials were produced 
using the batch pyrolysis method described in section 2.2 for one hour at 800°C.
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Sulfur content of the precursor material showed the strongest correlation with textural 
properties of the resulting carbons, including pore volume (q= 0.92, p= <0.001), mean 
pore diameter (q= 0.93, p= <0.001) and external (mesopore) volume (q= 0.96, p= 
<0.001). The correlation between sulfur and all textural properties is visably a poor fit 
to the linear relationship, possibly as a result of diminishing returns of pore formation 
with increasing sulfur content.
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Table 4.1 Summary o f significant spearman rank correlations between inorganic 
composition and textural properties o f intrinsically activated carbons. Pore volumes 
are specific fo r  Ig  o f material. Case number (n) is 13 fo r  all correlations.
I Summary of statistically significant correlations between mineral content and textural properties
[ Substance (mg/kg) Textural property Form of equation
Correlation
coefficient significance
Total mineral BET pore volume Y=Ax+b 0.76 0.002
Na+Ca BET pore volume Y=Ax+b 0.76 <0.002
K BET pore volume Y=Ax+b 0.73 0.005
Mg BET pore volume Y=Ax+b 0.68 0.01
S BET pore volume Y=Ax+b 0.92 <0.001
Total mineral BET mean pore diameter Y=Ax+b 0.92 <0.001
Na+Ca BET mean pore diameter Y=Ax+b 0.86 <0.001
K BET mean pore diameter Y=Ax+b 0.87 <0.001
Mg BET mean pore diameter Y=Ax+b 0.75 0.003
s BET mean pore diameter Y=Ax+b 0.93 <0.001
Total mineral BJH 2-100nm Y=Ax+b 0.85 <0.001
Na+Ca BJH 2-100nm Y=Ax+b 0.82 0.001
K BJH 2-100nm Y=Ax+b 0.84 <0.001
Mg BJH 2-100nm Y=Ax+b 0.75 0.003
S BJH 2-100nm Y=Ax+b 0.96 <0.001
........... .................. __ _ ___ ______ ..... ..... ............
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Table 4.2 Matrix o f Spearman rank correlation coefficients fo r inorganic components 
in biomass precursors and textural properties o f the resulting intrinsically activated 
carbons produced by pyrolysis fo r one hour at 800°C using the batch method 
described in section 2.2 .
Correlations
K Ca Mg P Na S BETSA BETPV BETPD
K Correlation
Coefficient
1.000 .753 .665 .764 .313 .830 .533 .731 .874
Big. (2-tailed) .003 .013 .002 .297 .000 .061 .005 .000
N 13 13 13 13 13 13 13 13 13
Ca Correlation
Coefficient
.753 1.000 .429 .731” .154 .731*' .615 .764 .725
Big. (2-tailed) .003 .144 .005 .616 .005 .025 .002 .005
N 13 13 13 13 13 13 13 13 13
Mg Correlation
Coefficient
.665 .429 1.000 .615 .797 .824 .648 .681 .753
Big. (2-tailed) .013 .144 .025 .001 .001 .017 .010 .003
N 13 13 13 13 13 13 13 13 13
P Correlation
Coefficient
.764 .731 .615 1.000 .198 .571 .489 .489 .610
Big. (2-tailed) .002 .005 .025 .517 .041 .090 .090 .027
N 13 13 13 13 13 13 13 13 13
Na Correlation
Coefficient
.313 .154 .797" .198 1.000 .654 .692" .643" .467
Big. (2-tailed) .297 .616 .001 .517 .015 .009 .01B .108
N 13 13 13 13 13 13 13 13 13
s Correlation
Coefficient
.830 .731 .824 .571 .654 1.000 .769 .918 .934
Big. (2-tailed) .000 .005 .001 .041 .015 .002 .000 .000
N 13 13 13 13 13 13 13 13 13
BETSA Correlation
Coefficient
.533 .615* .648 .489 .692 .769" 1.000 .901 .571
Big. (2-tailed) .061 .025 .017 .090 .009 .002 .000 .041
N 13 13 13 13 13 13 13 13 13
BETPV Correlation
Coefficient
.731 .764 .681 .489 .643 .918 .901 1.000 .786
Big. (2-tailed) .005 .002 .010 .090 .018 .000 .000 .001
N 13 13 13 13 13 13 13 13 13
BETPD Correlation
Coefficient
.874 .725 .753 .610 .467 .934 .571 .786 1.000
Big. (2-tailed) .000 .005 .003 .027 .108 .000 .041 .001
N 13 13 13 13 13 13 13 13 13
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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The values presented in table 4.1 were the highest values achievable for all feed 
stocks; in all cases this was achieved by pyrolysis at 800°C. The correlation matrix 
allows comparison of individual relationships between the inorganic content of 
biomass and textural properties as well as assessment of the co-linearity between the 
proportions of different elements. Both total mineral content and sulfur are good 
predictors of textural properties. However, sulfur on its own is a better predictor than 
total mineral content or any other element to predict textural properties of the carbon 
obtainable. This makes it a better candidate for an actual causal relationship than the 
other elements, but does not exclude the possibility of their involvement. From the 
data presented in table 4.2 it can be seen that sulfur content correlates very strongly 
with other individual elements as well as with the resulting textural properties of the 
final carbon. This effect is most pronounced for the correlation between sulphur, 
magnesium and potassium. Magnesium and potassium concentrations are slightly 
less strongly predictive of carbon activation than sulfur, implying that magnesium and 
potassium are less powerful activating agents. This however may not be the case as 
magnesium and potassium content are very strongly associated with sulfur content 
(more strongly than with the textural properties). The demonstrated colinearity 
between elemental concentration suggests that the relationship between content of 
individual elements and textural properties are difficult to establish. This could also 
be interpreted to mean that cations are associated with sulfur chemically as as 
Sulfates. In either of these cases, the cations are less likely than sulfur to be the 
causative agent in the intrinsic activation reactions. The hypothesis that certain 
sulfates are more powerful activating agents than others is a tantalising explanation 
for the visible non-linearity of the relationship between sulfur and the textural 
properties of the resulting intrinsically activated carbons. For example magnesium is
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present in quantities of up to 10,000mg/kg in some of the precursors, whereas sulfur 
was sometimes present at concentrations of up to 25,000mg/kg. The stoichiometric 
ratio of sulfur to magnesium in magnesium sulfate would be 1:1. Assuming that 
magnesium and sulfur preferentially associate relative to potassium and sulfur due to 
ionic size and charge, there would be insufficient magnesium for further magnesium 
sulfate formation beyond around 12,000mg/kg of sulfur. If other sulfates are less 
effective activating agents a decline in the effectiveness of sulfur activation would be 
seen, as its quantity exceeded that of magnesium in the precursors. This would 
produce a non-linear relationship due to diminishing returns. It is important to note 
that this is speculation and there is insufficient evidence to formally conclude that this 
is the case.
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Table 4.3 Bivariate linear correlation matrix between external surface textural 
properties and inorganic elemental composition determined by ICPOES (mg/Kg). 
Total mineral content refers to all ICPOES detectable elements in mg/kg, not just 
those displayed in the table. Only elements with one or more statistically significant 
(p< 0.05) relationships are shown.
Correlations
K Mg Na S BJHPV BJHSA
BJHPV 
2-1 Onm
BJHPV
2-20nm
BJHPV 
10-1 OOnm
BJHPV 
20-1 OOnm
K Correlation
Coefficient
1.000 .665 .313 .830 .841 .703 .770 .875" .819 .786
Sig. (2-tailed) .013 .297 .000 .000 .007 .002 .000 .001 .001
N 13 13 13 13 13 13 13 13 13 13
Mg Correlation
Coefficient
.665 1.000 .797 .824 .753” .659 .721" .748" .830 .852
Sig. (2-tailed) .013 ,001 .001 ,003 .014 005 .003 .000 .000
N 13 13 13 13 13 13 13 13 13 13
Na Correlation
Coefficient
.313 .797 1.000 .654" .593 .593" .655 .589* .637 .659
Sig. (2-talled) .297 .001 .015 .033 .033 .015 .034 .019 .014
N 13 13 13 13 13 13 13 13 13 13
S Correlation
Coefficient
.830 ,824 .654 1.000 .956 .896 .938 .949“ ,978 .940
Sig. (2-tailed) .000 .001 .015 .000 .000 .000 .000 .000 .000
N 13 13 13 13 13 13 13 13 13 13
BJHRV Correlation
Coefficient
.841 .753 .593 .956 1.000 .951 .977 .993" .978 .934
Sig. (2-tailed) .000 ,003 .033 .000 .000 .000 .000 ,000 .000
N 13 13 13 13 13 13 13 13 13 13
BJHSA Correlation
Coefficient
.703 .659 .593" .896 .951" 1.000 .982 .933“ .912 .863
Sig. (2-talled) .007 .014 .033 .000 .000 .000 .000 .000 .000
N 13 13 13 13 13 13 13 13 13 13
BJHPV2-10nm Correlation
Coefficient
.770 721 .655 .938 .977 .982 1.000 .972" ,944 ,894
Sig. (2-talled) .002 .005 .015 .000 .000 .000 .000 .000 .000
N 13 13 13 13 13 13 13 13 13 13
BJHPV 2-20nm Correlation
Coefficient
.875 .748 .589 .949 .993 .933 .972 1.000 .966 .922
Sig. (2-tailed) .000 .003 .034 .000 .000 .000 .000 .000 .000
N 13 13 13 13 13 13 13 13 13 13
BJHPV 10-IOOnm Correlation
Coefficient
.819 .830“ .637" .978” .978" .912 .944 .966" 1.000 .962
Sig. (2-talled) .001 .000 .019 .000 .000 .000 .000 .000 .000
N 13 13 13 13 13 13 13 13 13 13
BJHPV 20-1 OOnm Correlation
Coefficient
.786 .852 .659 .940 .934 .863 .894 .922" .962 1.000
Sig. (2-talled) .001 .000 .014 .000 .000 .000 .000 .000 .000
N 13 13 13 13 13 13 13 13 13 13
*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation Is significant at the 0.01 level (2-tailed).
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The correlation matrix presented in table 4.3 is similar to the one presented in Table 
4.2, but describes the relationships between mineral content and the textural 
properties of the external surface (mesopores) of the intrinsically activated carbons. In 
general the relationships shown in both tables are the same but are stronger in the 
ones presented in table 4.3. It has been established above that inorganic elemental 
content has is significantly related to pore size.. This is likely to be the reason why the 
relationships between mineral content and textural properties of pyrolytic carbons are 
amplified when looking at the larger pore size range.
4.3.2 Putative mechanisms of pore formation.
The XRD patterns presented in figure 4.6 were matched to the international X-ray 
diffraction pattern library using a proprietary software package called “Highscore” 
(Panalytic, UK). In addition, XRD patterns were determined for source materials 
treated at 300°C to confirm whether specific phases were present in the precursor 
material. The most probable phase identified in the higher surface area materials 
(alfalfa and oilseed rape) was calcite. In the lower surface area material (pine) calcite 
and halite were both identified as likely phases. Only halite was present in both pine 
pyrolysed at 300°C and pine pyrolysed at 500°C. No phases were discernible in either 
alfalfa or oilseed rape straw pyrolysed at 300°C. As calcite was present in all the chars 
that were produced at 500°C, but not in the chars produced at 300°C, it is reasonable 
to conclude that calcite forms as a result of the thermal decomposition of these 
materials. The only detectable difference between the chemical compositions of 
charred pine wood and charred straw (oilseed rape and alfalfa), as analysed by XRD, 
is the presence of halite in pine.
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Figure 4.6 Powder XRD patterns o f land plant derived intrinsically activated 
carbons, including oilseed rape straw (OSR), alfalfa straw and pine wood. The range 
o f angles used was between 2.5 and 100°, X-rays were produced at 40KV. All chars 
were produced by pyrolysis using the fed  batch process (as in 2.2) at 500°C.Black 
arrows indicate main halite peaks, grey filled arrows indicate main calcite peaks.
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Figure 4.7 Powder XRD patterns o f seaweed derived chars, o f  oarweed and 
bladderwrack. All chars were produced at 500°C. Black arrows indicate peaks 
associated with halite, grey filled arrows indicate peaks associated with calcite.
Both calcite and halite were detected in the pyrolytic carbons produced at 500°C from 
dried bladderwrack and oarweed biomass. Oarweed had a much weaker signal for 
halite than for carbonate when compared with bladderwrack. Because bladderwrack 
derived carbons have a much lower surface area than oarweed in spite of similar
91
inorganic content it could be concluded that halite is associated with reducedpore 
formation during pyrolysis. This reduction in activation power may not be a direct 
chemical effect but the result of a reduced capacity for activation on the part of 
chlorides that are associated with the different cations present in seaweeds. The 
organic anions that are not associated with halite will be free to decompose into 
volatile CO2 and H2O, which can then take part in activation reactions.
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Figure 4.8 Comparison o f intrinsically activated carbons with low surface areas 
(pine) with ones with higher surface areas in terms o f carbonate and sulfur content. 
Carbonate values are given in equivalent percentage by mass; potassium carbonate 
as percentage in chars produced at 500°C, while sulfur values are presented as 
percentage elementary sulfur adjusted fo r  yield to produce equivalent sulfur content 
o f char produced at 500°C. Sulfur content data are calculated this way due to the 
potential volatility o f sulfur, an issue not encountered with the cations.
The ICPOES analysis determined the concentrations of all detectable ions in the 
biomass source materials but in terms of putative anions can only detect sulfur and
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phosphorous. The figure above presents both sulfur and carbonate content along with 
surface area data. The precursors of the carbons that have high (>500m2) surface areas 
all have much larger quantities of both sulfur and carbonate present in the chars 
produced at 500°C. As the sulfur detected here is non-volatile and non-combustible, 
it must be present as either a sulfate or a sulfide. Sulfates are oxidising anions, as are 
carbonates (at these extreme temperatures). Carbonates are routinely used to activate 
carbon by using them as extrinsic activating agents (Urabe et al, 2007).
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Figure 4.9 Effect o f process atmosphere on activation reactions in different 
precursors. Pore volumes o f  intrinsically activated carbons produced from different 
source materials at 800°C in an atmosphere o f flowing nitrogen or one that contained 
stationary nitrogen gas. Flowing Nitrogen was passed through the reaction chamber 
at a rate o f 101 per min. Stationary atmosphere was produced by purging the reaction 
chamber with nitrogen before pyrolysis but without any input thereafter.
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The dependence of the intrinsic activation process on the atmosphere of the reaction 
vessel provides some insight into how the pore formation process proceeds. The 
activation of very low mineral content material (pine) is almost entirely dependent on 
the atmosphere generated by pyrolysis. This dependence is not observed in the 
seaweeds. The only components of the reaction atmosphere with the oxidising 
potential to activate the carbon surface of pine would be carbon dioxide and 
superheated steam generated by the thermal decomposition of carbohydrates.
Referring to Fig. 4.8 and Fig 4.9 it can be seen that the major difference between the 
land plants and the seaweeds is the much greater sulfur content of the seaweeds. The 
two land plants with the higher mineral content retained significant but much reduced 
porosity when charred in an atmosphere of nitrogen gas. These materials possess 
much larger amounts of inorganic content than the pine wood and it is therefore 
possible that the inorganics present in these materials catalyse the reaction between 
the carbon and the self-generated atmosphere evolved during the thermal 
decomposition of the precursor. This hypothesis is strengthened by the fact that the 
small quantities of carbonate detected in chars produced at 500°C are by chemical 
activation standards very small, but produce a disproportionately large amount of 
porosity. For example it has been reported that ratios of 1:1 (w/w) to 1:3 (w/w) 
precursor to chemical activating agent are used for potassium carbonate (Gurten et al., 
2009). Similarly very large quantities of zinc chloride are used for carbon activations. 
It is implausible that 10% by mass carbonate could provide enough oxygen to gassify 
half the carbon in a sample by mass. This suggests that multiple cycles of 
intermediates are formed to bring about the activation reaction.
94
Total mineral content
0.08
g 0.07 
£
E 0.06
0.05
0.04
0.03
0.02
0.01
o.
100000 150000
Total minerai content (mg/kg)
50000 200000 250000
Figure 4.10 Relationship between the total mineral content o f biomass precursors 
and the maximum rate ofpore volume formation during pyrolysis at 800°C in a static 
atmosphere.
Figure 4.10 shows the relationship between total mineral content and the maximum 
observed rate of pore formation in intrinsically activated carbons under a static, self­
generated atmosphere. The rate of pore formation increases progressively as mineral 
content increases (r= 0.99, p=<0.001, R2=0.99) with mineral content accounting for 
99% of the variance in pore formation rate. This observation strongly supports the 
theory that inorganic elemental content behaves as a chemical activation agent either 
by itself or in concert with the evolved reaction gasses.
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Figure 4.11 Relationship between different inorganic elements present in biomass 
precursors and the maximum rate o f  pore volume formation during pyrolysis at 
800°C in a static atmosphere.
The statistically significant individual elements which comprise the total mineral 
content are presented in table 4.4. A similar pattern of correlations between the 
individual elements and pore formation rate can be seen as those observed with
overall specific pore volumes for the same materials. The correlations between the 
elements and pore formation rate are even stronger than those observed with specific 
pore volume. This suggests that the predominant effect of the inorganic elements is to 
accelerate the rate of pore formation with the eventual result of increased specific 
pore volume of the final carbons produced.
Table 4.4 Summary o f  significant (p < 0.05) relationships between mineral content 
and pore formation rate as measured by specific pore volume.
F  Summary of significant correlations between mineral content and pore formation rate
1 Substance (mg/Kg) Form of relationship
Correlation
coefficient Rz Significance
I
I Total minerals Y=Axb 0.99 0.99 <0.01
I Sulfur Y=Axb 0.97 0.95 <0.01
i Sodium Y=Ax+b 0.94 0.89 <0.01
| Magnesium Y=Ax+b 0.96 0.92 <0.01
L_:-___________  ' __ __  _____________
The data presented show clearly that pore formation in carbons is associated with 
inorganic elemental content. This association was even stronger when considering 
maximum pore formation rates. It could be shown that pore formation occurs during 
pyrolysis of all biomass materials due to the gaseous thermal decomposition products 
which dwell in the reaction chamber. The overall conclusion of this work is that this 
process is accelerated by the presence of the inorganic content. It has also be shown 
that on a precursor by precursor basis, sulfur and the formation of carbonates at lower 
temperatures are associated with high porosity formation at higher temperatures (Fig 
4.8 and Fig 4.9). Furthermore it has been shown by other workers that the main form
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of anion constituting the inorganic content in pyrolytic carbons is carbonate (Yuan et 
al, 2010). Carbonates are known to be strong activating agents and are widely used in 
chemical activation processes (Urabe et a l, 2007). As the quantities observed 
(between 1-10% of char mass before activation) are not comparable to known 
ammounts of carbonate required for activation reactions(Gurten et al., 2009), it is 
possible that cyclical formation and decomposition by pore forming oxidising 
reactions may account for this discrepancy. Potassium carbonates have been shown in 
a previous study to be capable of catalysing gasification reactions with carbon dioxide 
resulting in high surface area carbons (Tsai et ah, 2000). It is also the case that 
carbon dioxide is formed by the decomposition of ligno-cellulosic materials in the 
absence of oxygen (Zhang et ah, 2010). The oxidising power to remove the carbon 
necessary to form pores is most likely to come from intrinsically produced carbon 
dioxide originating from the decomposition of the carbohydrates. It is also concluded 
that the sulfur that is present in some of the precursor materials, such as seaweeds, 
may be in the form of sulfates and that these sulfates reduce the dependency of the 
activation reactions on the evolved process gases. Alternatively it is possible that the 
sulfur compounds constitute a rapidly reacting pool of sulfate molecules with strong 
oxidising potential which is not dependent on process gases for activation reactions. 
The result of this is limited oxygen in the precursor being retained in the form of 
sulfates rather than other oxygen bearing species. This explanation is supported by the 
experimental observation that sulfur bearing components of biomass thermally 
decompose into sulfates (Raveendran et ah, 1994). An implication of the observations 
regarding the dependence of intrinsic activation reactions on the process atmosphere 
is that pyrolysis involving low sulfur land plants will require some headspace in 
commercial application while processes using macro-algae will not.
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Chapter 5
Adsorption processes and surface chemistry of intrinsically activated
carbons
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5. Adsorption processes and surface chemistry of intrinsically activated carbons
5.1 Introduction
In previous chapters novel high surface area carbons have been identified as the 
products of intrinsic activation processes occurring in certain types of biomass 
precursors. In Chapter 4 these materials were characterised in terms of surface 
textural properties. Here the objective was to determine the surface chemical 
properties in terms of the surface functionality and adsorption properties of these 
materials using a model organic contaminant: methylene blue. Methylene blue is 
frequently used to characterise novel adsorbents and carbons in particular (Vargas et 
al., 2011; Raposo et al., 2008; Foo and Hameed, 2012). The molecule has a three ring 
aromatic Structure in which the central ring is a nitrogen and sulfur heterocycle. The 
aromatic structure is relatively unhindered sterically (protruding moieties do not 
obscure sites of interaction) and as a result can have strong pi orbital interactions with 
surfaces that also possess this characteristic (such as graphene rings) (Li et al., 2012). 
As the methylene blue molecule is acidic in its dissociated ionic state, it may also be 
attracted electrostatically to the basic surface presented by the pi orbitals of the 
activated carbon surface (Liu et ah, 2009). Most environmental clean-up applications 
utilising activated carbon are directed at adsorbing organic contaminants such as dyes, 
PAHs or other toxic aromatic compounds (Bayer and Finkel, 2005; Bayer et al,
2005). These compounds are similar in size and have a similar aromatic character to 
the methylene blue molecule. These similarities in size and chemistry allow 
methylene blue to act as a non-toxic proxy in determining not only the adsorption 
capacity of specific adsorbents, but also the adsorption isotherm parameters for these 
materials (Vargas et a l, 2011).
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The Langmuir and the Freudlich equations were chosen to analyse adsorption of 
different intrinsically activated and commercial activated carbons. A detailed 
description of these models is presented in section 2.7. The Freundlich equation is a 
general use empirical model which assumes that adsorption is related to the 
concentration of the adsorbate. The Langmuir equation assumes that there are a fixed 
number of surface sites and that adsorption proceeds to form a mono-layer on all 
available surfaces of the adsorbent until all the available surface is covered. The 
Langmuir equation predicts a type one isotherm with a linear increase in adsorption 
with concentration followed by a sharp shoulder as the surface becomes saturated. In 
general a better fit to the Langmuir isotherm than to the Freundlich isotherm is 
desirable for ideal adsorbents. This is because the Langmuir equation suggests better 
adsorption as concentration increases until a limit is reached. A better fit to the 
Langmuir model than the Freudlich model suggests that the surface sites are 
homogenous with regard to adsorption strength as there is no reduction in adsorption 
strength as sites become occupied as (Salarirad and Behnamfard., 2011). The isotherm 
models themselves also produce coefficients which can be used to objectively 
compare materials.
5.2 Materials and methods
5.2.1 Materials
The carbons used in this study were prepared as described in section 2.2. Briefly, the 
batch pyrolysis method was used to produce six carbons from the following 
precursors: oarweed, bladderwrack, oilseed rape straw and pine-wood. Pyrolysis was 
carried out for one hour at 800°C in a muffle furnace. After pyrolysis the carbons
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prepared from the different biomass precursors were acid washed for 48hrs at pH 1 
before being dried in an oven overnight at 60°C. A general purpose carbon (Fisher 
scientific) and a specialised adsorption carbon (Norit CN1) were included for 
comparison. These carbons were prepared based on proprietary techniques hence no 
further treatment was applied.
5.2.2 Textural properties
The textural properties of the different carbons were determined as described in 
previous chapters (Sections 2.3 and 2.4) using the nitrogen adsorption method, with 
data analysis accomplished via the BET and BJH models.
5.2.3 FTIR
Fourier transform infrared spectroscopy (FTIR) was used to assess the types of 
chemical bonds that could be found within the structure of the carbons. The method 
employed is described in section 2.8 and involves measurement of the reflection of 
electromagnetic radiation between wavelengths of 600nm and 4000nm. Averages 
were taken for 100 spectra to produce a reflection spectrum for a specific material. 
The ATR method described in section 2.4 was used throughout.
5.2.4 Boehm titrations
Carbon surface groups may be identified by their pKa values (Boehm et al., 1964). 
This was achieved by neutralising lOOmg of acidic carbon with 5ml of 0.05M of base
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of three different strengths followed by neutralising the residual base with 10ml of 
0.05M HC1. The residual HC1 was back titrated with 0.05M NaOH. This procedure 
determines the quantity of base remaining after reaction with the carbon. The amount 
of base which has been consumed by the acidity on the carbons surface can be 
determined from the difference between a control containing 5ml base and the 5ml 
base which has been reacted with lOOmg of carbon. Sodium hydroxide (0.05M) was 
used to determine overall acidity as NaOH is a strong base which neutralises all 
surface groups. Sodium hydrogen carbonate (0.05M) was used to measure strong 
acidic groups on the carbon’s surfaces due to its low pKa value. Measurements 
obtained with NaHCOs were subtracted from the overall acidity of the carbons to 
produce a value for the concentration of strong acidic groups on the carbon surface. 
Intermediate strength surface groups can be measured using sodium carbonate 
(0.025M) by the same procedure. As the stronger bases will also neutralise the weaker 
groups, it is necessary to subtract the amount of weak acidic groups from the amount 
determined by the intermediate strength base (NaCOg) and to subtract the sum of the 
amount of groups determined using weak and intermediate strength bases from the 
total (determined with NaOH).
5.2.5 Methylene blue adsorption isotherms
Multipoint adsorption isotherms were produced by batch adsorption experiments at 
different starting concentrations of methylene blue. The setup of each point involved 
placing 50mg of dried carbon into a conical flask, adding RO water and neutralising 
the carbon suspension with 0.05M sodium hydroxide or 0.05M hydrochloric acid to a 
starting pH of 7. The amount of RO added at the start was determined based on the
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later methylene blue stock volume required, all solutions had a final volume of 50ml. 
This was followed by the addition of 2000mg/dm3 stock methylene blue solution of a 
quantity required to produce the working starting concentration at that isotherm point. 
The volume of RO water used for the neutralisation step added to the volume of stock 
solution required at that point was always equal to 50ml. Methylene blue solution 
was added after neutralising to ensure carbon pH did not impact the adsorption 
process. This is because other workers have observed that a pH increase also increases 
the adsorption of methylene blue of an adsorbent (Orfao et al., 2005).
Methylene blue adsorption was allowed to occur over 72hrs to ensure equilibrium was 
reached where no further methylene blue was adsorbed. This time was chosen to 
ecompass all times observed to be required for reaction completion in the literature 
(Vargas et al., 2011; Raposo et al., 2008; Foo and Hameed, 2012). Times up to 48hrs 
were reportedly required for complete adsorption of methylene blue by activated 
carbons (Raposo et al, 2008). Measurements of the final methylene blue 
concentration left in solution, were carried out by measuring the absorbance of the 
solution at 668nm. In case the solution was too concentrated, it was diluted to obtain a 
reliable measurement (to between 0 and 6mg/dm3). All measurements were carried 
out in triplicate and absorbance was expressed as mg methylene blue adsorbed onto 1 
g adsorbent.
5.2.6 Isotherm modelling
Adsorption of methylene blue onto the different carbons was modelled using both the 
Langmuir and Freundlich adsorption equations. To fit the models, linear regressions 
were carried out using ordinary least squares in Microsoft Excel. To fit the Freundlich
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model, the natural logarithm of the end point solution concentration (mg/dm3) was 
plotted against the natural logarithm of the amount adsorbed per gram of carbon 
(mg/g). To fit the Langmuir isotherm, the concentration divided by the amount of 
methylene blue absorbed (g/dm3) was plotted against the concentration of the solution 
(mg/dm3) . These plots allowed the determination of the isotherm parameters 
according to that model as well as assessment of the goodness of fit (R2).
5.2.7 Analysis of the effects of textual properties on adsorption
Regression analyses were carried out between surface group density per square meter 
and adsorption capacity of materials per square meter. The other variables used were 
textural properties determined by BET analysis of nitrogen adsorption isotherms 
between 0 and lOOKPa and external surface area as determined by BJH analysis of 
nitrogen adsorption isotherm data between 0 and lOOKPa.
5.3 Results
5.3.1 Textural properties
The carbons produced had a wide range of textural properties which are presented 
below for reference. The key point is that the range of carbons presented here is 
extensive with almost a threefold difference in the surface area per g carbon between 
the lowest and highest surface area measured. This range is sufficient to determine 
which, if any, of the variables are significantly predictive of the adsorption properties 
of a carbon.
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Table 5.1 Textural properties for both commercially available activated carbons and 
those produced from non-woody biomass precursors. (AC) indicates commercially 
available activated carbon. Names not indicated by (AC) refer to the source materials 
used to obtain intrinsically activated carbons. All intrinsically activated carbons were 
produced by pyrolysis fo r one hour at 800°C by the batch method described in 2.1.
Carbon textural properties
Precursor BET specific 
surface area
BET specific 
pore volume
BET mean 
pore diameter
BJH Mesopore 
volume 2.0 lOOnm
BJH total surface 
pores 2.0 lOOnm
Oarweed 1490 0.977 2.63 0.471 303
Norit CN1 (AC) 1280 1.13 3.54 0.77 473
Bladderwrack 960 0.767 3.19 0.43 161
Oilseed rape 956 0.54 2.27 0.199 148
i
| Fisher GP (AC) 820 0.703 3.43 0.424 211
I Alfalfa
1 '
690 0.339 1.96 0.0836 67.5
I •
1 Stinging nettle
1
669 0.451 2.68 0.219 122
! Pulsorb 5 (AC)
1....... .............. ..
577 0.403 2.79 0.222 180
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5.3.2 Material chemistry
5.3.2.1 FTIR analysis
The FTIR spectra in figure 5.1 show that the carbons possess similar patterns of 
absorbance of infrared radiation. This suggests similar chemical constitution. The 
absolute absorbances of the carbons were highly variable while the pattern of 
adsorption was similar across all materials. Patterns of IR absorption are similar 
between the commercial activated carbons and the intrinsically activated carbons 
suggesting no major chemical distinctions between the two types of material. The 
most clearly visible absorption band is visible at 1600nm. This corresponds to 
aromatic carbon-carbon bonds. In most of the materials there is a visible inflection or 
shoulder at around 3600nm, which is the region for O-H bond stretching resulting 
from hydroxyl and phenolic moieties. This band is most visible for oarweed and 
alfalfa, both of which record the largest quantities of OH functionality on the Boehm 
titrations (discussed below). A band is visible in 900-1 SOOCm'1 just to the right of the 
aromatic carbon band. This is due to stretching of C-0 bonds and suggests a 
significant presence of these moieties. This structure is most visible in nettle, oarweed 
and alfalfa, all of which are subsequently found to possess the most substantial 
quantities of oxygen functionality among the intrinsically activated carbons. The 
commercially available activated carbons show very little of the structure described 
above with the exception of the Norit activated carbon, which has a very low 
absorption but a well-defined structure. This finding corresponds to the direct titration 
measurements below of the quantities of surface groups.
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Figure 5.1 FTIR spectra o f commercially available activated carbons (top) and 
intrinsically activated carbons (bottom). Spectra are labelled with the initials o f the 
biomass precursor.
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S.3.2.2 Boehm titrations
Materials exhibited large variation in surface groups which facilitates statistical 
analysis of the significance of surface groups in affecting the adsorption properties of 
carbons. In general the intrinsically activated carbons possessed more surface groups 
per gram than the commercial activated carbons.
Table 5.2 Surface properties in terms o f acidic groups present (mM/g) fo r  both 
commercially available activated carbons and intrinsically activated carbons 
produced from a variety o f biomass precursors. (AC) indicates commercially 
available activated carbon. Names not indicated by (AC) refer to source materials 
used to produce intrinsically activated carbons. All biomass derived carbons were 
produced by pyrolysis for one hour at 800°C by the batch method described in 2.1.
(Carbon (Precursor) Total acidity (mM/g) Of which (mM/gj
i Strong acid M oderate acid Weak acid
j Oarweed 2.3 1 0.49 0.85
| Stinging nettle 1.6 0.83 0.28 0.49
j Alfalfa 1.4 0.57 0.22 0.58
Bladderwrack 1.3 0.46 0.37 0.48
j Norit (AC) 0.76 0.40 0.00 0.36
I Oilseed rape 0.63 0.24 0.10 0.28
j Pulsorb 5 (AC) 0.52 0.36 0.00 0.16
j Fisher (AC) 0.48 0.40 0.03 0.04
Commercial activated carbons had fewer surface groups in general and these were 
predominantly carboxylic acids. By contrast, the intrinsically active carbons 
possessed similar quantities of both strong and weak acidic groups. The weakly acidic
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surface groups, which predominantly consist of dangling phenolic moieties, were 
found to be present consistently in greater quantities than the intermediate strength 
acidic groups such as the lactonic hydrolysis products. The moderately strong groups 
such as lactonic hydrolysis products were present in much smaller quantities in all 
materials than the other two types.
5.3.3 Methylene blue adsorption isotherms
The adsorption of the dye methylene blue on both activated carbon and intrinsically 
activated carbons demonstrated typical type one isotherm structure. Maximum 
methylene blue adsorption capacity was found to be highest in intrinsically activated 
carbons derived from oarweed (400mg/g). The second highest capacity for adsorbtion 
of methylene blue was seen in the specialised Norit CN1 commercial activated carbon 
(333.3mg/g). The poorest adsorption of methylene blue was seen in stinging nettle 
derived pyrolytic carbon (105.3mg/g). This shows an approximately four fold 
difference in the maximum adsorptive capacity of intrinsically activated carbons 
depending upon the source material from which the intrinsically activated carbon was 
derived.
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Figure 5.2 Non-linear methylene blue adsorption isotherms, showing specific 
adsorption o f methylene blue (qe) as a function o f increasing concentration (Ce). 
Lines o f best fit  represent idealised Langmuir isotherms fitted to the data.
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5.3.3.1 Langmuir model
Exceptionally good fits were seen for the Langmuir equation using the methylene blue 
adsorption data from all of the materials. The R2 values for the fits were not less than 
0.99, p=<0.001, suggesting that the assumption of monolayer formation is valid for 
this adsorption process and that the availability of vacant surface sites for adsorption 
is likely to be the key limiting factor in the adsorption process.
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Figure 5.3 Linear regression fo r  determination o f Langmuir isotherm parameters. 
The Langmuir parameters were determined by fitting the empirical data to the 
linearized Langmuir equation. The straight lines presented represent the fi t  o f  the 
linear equation to the data.
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Table 5.3 Langmuir isotherm parameter o f both commercial and intrinsically 
activated carbons. Q indicates maximum adsorption capacity (mg/g), b is a constant 
and R2 indicates the strength o f the fit. (AC) indicate commercially available activated 
carbon. Those entries not marked (AC) are named fo r the biomass source material.
All materials not marked (AC) were produced by pyrolysis o f biomass at 800°C for  
one hour according to batch method described in section 2.1. R2 values shown to 4 
mg.
[langmuir isotherm Regression parameters
j Carbon Q(mg/g) b R2
Oarweed 400 12.5 0.9999
Norit CN1 (AC) 333.3 0.5084 0.9927
Fisher GP (AC) 294.1 4.857 0.9993
Bladderwrack 277.8 3.6 0.9998
j Oilseed rape 256.4 1.054 0.9976
|
j Alfalfa 212.8 0.644 0.9985
! Pulsorb 5 (AC) 172.4 8.286 0.9999
j Stinging nettle 105.3 15.83 0.9986
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S.3.3.2 Freundlich model
The Freundlich equation significantly fitted the observed methylene adsorption data 
with R2 values between 0.9791 and 0.6520. The fit of the data to the Langmuir model 
was far stronger compared to the fit of the data to the Freundlich model (Table 5.4). 
Data are consistent with anadsorption processes involving the binding of the dye to 
the surface of the carbon in a way more dependent on the availability of surface sites 
than on the concentration of the adsorbate; in addition these surface sites posses 
homogeneous affinity for the methylene blue molecule. This conclusion is intuitively 
supported by the sharp shoulders observed on the adsorption vs. concentration plots of 
adsorption of methylene blue onto the different carbons (Figure 5.2). Furthermore, 
once adsorption has passed the shoulder there is little further adsorption. This results 
is in agreement with a type one isotherm structure
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Figure 5.4 Linear regressions fitting empirical data from methylene blue isotherms to 
the Freudlich equation fo r  both commercial and intrinsically activated carbons. Ce 
represents the concentration o f methylene blue, qe represents the amount o f methylene 
blue adsorbed.
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Table 5.4 Freundlich isotherm parameters derived from linear regressions fo r  both 
commercial and intrinsically activated carbons. Q indicates maximum adsorption 
capacity (mg/g), n is a constant and R2 indicates the strength o f the f i t  o f the 
relationships. (AC) indicates commercially available activated carbon. Those entries 
not marked (AC) are named fo r  the biomass source material. All materials not 
marked (AC) were produced by pyrolysis o f biomass at 800°C for one hour according 
to the batch method described in section 2.1.
[Freundlich Regression parameters
! Model
1 Carbon Q n R2
Oarweed 324.4 20.62 0.9278
Norit CN1 (AC) 204.9 11.4 0.9625
Fisher GP (AC) 230.2 18.62 0.8032
Bladderwrack 215.4 19.23 0.9481
Oilseed rape 190.4 18.28 0.8228
I
Alfalfa 147.5 14.99 0.9791
Pulsorb 5 (AC) 135.4 17.61 0.9689
Nettle 95.49 46.08 r 0.6520
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S.3.3.3 Summary of model fits
Table 5.5 Summary table fo r  strength o f  f i t  o f methylene blue adsorption isotherm 
data to Freundlich and Langmuir equations fo r  both commercial and intrinsically 
activated carbons, (AC) denotes a commercially available activated carbon product. 
Materials lacking the (AC) designation are carbons derived from the pyrolysis o f the 
named biomass precursor at 800°C for one hour.
Summary of model fits
Carbon R2 Langmuir R2 Freundl
Oarweed 0.9999 0.9278
Norit CN1 (AC) 0.9927 0.9625
Fisher GP (AC) 0.9993 0.8032
Bladderwrack 0.9998 0.9481
Oilseed rape 0.9976 0.8228
Alfalfa 0.9985 0.9791
Pulsorb 5 (AC) 0.9999 0.9689
Stinging nettle 0.9986
r
0.6520
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S.3.3.4 Regressions
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Figure 5.5 Regression curves o f maximum adsorption capacity o f  carbons for  
methylene blue (Qe) with textural properties. Each point represents one material. 
Carbons were commercially available activated carbons and intrinsically activated 
carbons derived from different biomass precursors. Intrinsically activated carbons 
were produced using pyrolysis fo r one hour at 800°C using the batch method 
described in section 2.1. Maximum adsorption capacity values were derived from the 
Freundlich and Langmuir models and treated separately. Pore volumes and surface 
areas are specific to one gram o f material.
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Pearson correlation matrix showing non significant relationships between surface 
group density and methylene blue adsorption (g) per surface area (m2).
Correlations
Q/m A2 Total acidity S trong M oderate w e a k
Q/m A2 P e a r s o n  C orrela tion 1 -.4 3 5 -.478 -.320 -.4 0 0
Sig. (2-tailed) .281 .231 .440 .326
N 8 8 8 8 8
Total acidity P e a rs o n  C orrela tion -.435 1 .929 .930 .951
Sig. (2-tailed) .281 .001 .001 .000
N 8 8 8 8 8
stro n g P e a rs o n  C orrela tion -.478 .929 1 .782 .802
Sig. (2-tailed) .231 .001 .022 .017
N 8 8 8 8 8
m o d e ra te P e a rs o n  C orrela tion -.3 2 0 .930 .782 1 .870
Sig. (2-tailed) .440 .001 .022 .005
N 8 8 8 8 8
w e a k P e a rs o n  C orrela tion -.4 0 0 .951 .802 .870 1
Sig. (2-tailed) .326 .000 .017 .005
N 8 8 8 8 8
**. C orrela tion  is sign ifican t a t th e  0.01 level (2-tailed). 
*. C orrela tion  is sign ifican t a t th e  0.05 level (2-tailed).
The only statistically significant predictors of methylene blue adsorption capacity 
onto the different carbons were the BET specific surface area and pore volume 
determined from nitrogen adsorption isotherms (Fig 5.5). The best predictor of 
methylene blue adsorption was the specific surface area of the carbon determined by 
BET analysis of nitrogen adsorption isotherms between 0 and lOOkPa.
5.4 Discussion
High surface area is crucial to methlyene blue adsorption by activated carbons and 
intrinsically activated carbons. This suggests the importance of the availability of 
surface sites over the concentration of the adsorbate or indeed the pore volume. The 
surfaces presented by both the activated and intrinsically activated carbons are highly
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homogeneous with respect to the favourability of adsorption at different sites. It is 
important that no significant relationship was seen between surface group density and 
dye adsorption per square meter was observed. Other workers have suggested that 
such a relationship may account for some of the observed variation in the adsorption 
capacities of their materials as well as adsorption processes not related to methylene 
blue (Faria et al., 2004; Qiu et al, 2009). None of the above studies carried out any 
statistical analyses to support their conclusions. Intuitively it would be expected that 
having surface groups would impede the ring-ring interactions of the aromatic rings in 
the carbon surface and the dye molecules. A possible explanation may be related to 
the organisation of the nanostructure of activated carbons. Carbon surfaces do not 
possess a regular structure, but at the molecular level, are not truly homogeneous 
either. The material is composed of randomly oriented graphene sheets interrupted by 
spaces and attached to one and another by sp3 hybridised bonds. This structure would 
allow surface groups to exist predominantly on the edges of the sections of graphene 
sheets. This would in most cases prevent them from interfering with the pi orbital 
interactions responsible for the adsorption of methylene blue onto the graphene 
sheets.
It is clear from this work that intrinsically activated carbons can be used in the same 
manner as commercial activated carbons, derived using external activation for 
aqueous adsorption processes. The patterns of adsorption observed in commercial 
activated carbons generalise to intrinsically activated carbons suggesting that these 
materials are in terms of their adsorption properties interchangeable. Intrinsically 
activated carbons can display superior performance compared with commercially 
available activated carbons of high quality that have been specifically optimised for 
this type of adsorption. As intrinsically activated carbons could potentially be
produced cheaply and require no extrinsic activation agents, such materials could 
have a major global impact on the remediation of pollution and purification of potable 
water in addition to a potential role as soil conditioners.
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Chapter 6 
Discussion
123
6 Discussion 
6.1 Summary of the properties of biomass derived pyrolytic carbons.
6.1.1 Macroporous structure
In section 3.3.2 all biomass derived pyrolytic carbons were shown to be highly 
macroporous. In land plants these macropores were of a size and appearance which 
suggested they were derived from the vascular structure of the biomass precursor. The 
macroporous structure was found to be highly ordered in land plants with pores 
aligned with one and another much as would be expected for phloem and xylem 
transport structures. This further suggested that they were derived from the vascular 
system. The carbons produced from the pyrolysis of sea weeds had disordered and 
heterogeneous macropores conforming to the less ordered and non-vascular structure 
of these biological precursors. Carbons made from the pyrolysis of woods had smaller 
diameter pores than those of non-woody land plants.
6.1.2 Textural properties
In section 3.3.3 it was shown that a large variation exists in the textural properties of 
pyrolytic carbons. The main determinants of textural properties were found to be 
pyrolysis temperature, source material and the composition of the reaction vessel- 
atmosphere during pyrolysis. The optimum temperature for pore formation was found 
to be approximately 800°C. This temperature represented the optimum temperature 
for all source materials. In chapter 2 two types of process atmosphere were tested; a 
self-generating process atmosphere where all process gases were removed under their 
own self-generated positive pressure and a continuous nitrogen purge (lOL/min). The 
continuous nitrogen purge removed evolved gases rapidly reducing their interaction 
with the heated biomass. Land plants underwent less pore volume formation when an
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inert nitrogen atmosphere was used while seaweeds were unaffected by the pyrolysis 
atmosphere. It is possible this is related to elevated sulfur content in the seaweed. This 
is because statistically, precursor sulfur content was the strongest numerical 
determinant of the maximum achievable surface area. The highest surface areas and 
pore volumes were found in carbons derived from source materials with the highest 
inorganic mineral content (by mass) specifically sulfur, magnesium, calcium and 
sodium. Elevated proportions of these elements in the precursor were shown to 
increase the rate of pore formation during pyrolysis. Due to the high surface areas and 
pore volumes observed and the involvement of naturally present and identifiable 
chemical agents, the process of spontaneous pore formation has been termed ‘intrinsic 
activation’. The most effective causal agent responsible for pore formation was sulfur. 
The overall order with which elements were observed to be associated with intrinsic 
activation was S+Mg > Na+Ca > K. Carbonates are suggested to be involved in these 
intrinsic activation reactions due to their presence in the charcoal precursors and their 
known capacity to function as activating agents under the conditions used in the 
pyrolysis reaction (Urabe et al., 2007). The mechanisms by which sulfur activates 
carbon are hypothesised to involve the oxidation of the carbon surface by sulfate or 
other oxygen bearing sulfur compounds. The author could find no reference to sulfur 
compounds being used for the activation of carbon or related processes. This leaves 
the precise mechanism by which sulfur is involved in activation to be elaborated by 
further research.
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6.1.3 Surface chemistry
In section 5.3.3 the surface chemistry of biomass derived pyrolytic carbons was 
shown to be similar to that of the commercially available activated carbons with 
regard to quantities of strongly acidic (carboxylic) groups. The intrinsically activated 
carbons possessed much larger quantities of moderate and weakly acidic surface 
groups (lactonic and phenolic groups respectively) than the commercially available 
activated carbons that were tested. Intrinsically activated carbons had 10 fold or more 
of these surface groups than the equivalent commercial activated carbons. The 
Pulsorb and Norit activated carbons possessed undetectable quantities of the 
intermediate strength acidic groups. This difference in moderate/weak acidic groups 
was likely due to the dilute acid wash step required to remove the mineral content 
from the intrinsically activated carbons, which adds acidic groups to the surface of 
carbons.
6.1.4 Methylene blue adsorption capacity
The textural properties of both commercially available activated and intrinsically 
activated carbons were found to be strongly related to the capacity of the carbons to 
adsorb the dye methylene blue. Linear regression analysis yielded a strong Pearson 
correlation coefficient for adsorption capacity (mg/g) with both surface area (r=0.8) 
and pore volume (r=0.7) as determined by BET analysis. Surface chemistry defined as 
the composition of surface groups was not found to be significantly related to 
methylene blue adsorption capacity. The work presented here strongly indicates that 
increasing pore volume and surface area will improve the adsorption capacity of 
intrinsically activated carbons.
126
6.2 Comparison of intrinsically activated carbon with commercially available 
activated carbons
The intrinsically activated carbons that were produced from both seaweeds and land 
plants matched or exceeded the surface areas and pore volumes of commercially 
available activated carbons. Intrinsically activated carbons that consistently achieved 
activated carbon specifications of >500m2 could be produced from alfalfa, oilseed 
rape, bladderwrack and oarweed. Oarweed produced a carbon with a particularly high 
BET surface area in the range of 1400-1600m2/g this was higher than the best 
commercial material Norit CN1 with a surface area of 1300m2/g. Oilseed rape (OSR) 
straw in particular is widely cultivated and the straw is regarded as an agricultural 
residue with a very low value (approximately £-50 per tonne). This suggests OSR 
could easily be used to produce large quantities of intrinsically activated carbon of 
sufficient quality to compete with existing commercially available activated carbons. 
To make the process especially lucrative, the surplus gases and/or energy generated 
during the process could be captured and converted to bio-fuel or used for electricity 
generation. Besides energy and activated carbon, the process would also yield a 
chemical fertiliser from harvesting the salt that is generated during the acid washing 
step, for example nitric acid would yield a mixture of potassium, calcium, sodium and 
magnesium nitrate. This would be recycled to improve the productivity of the arable 
land from which the biomass originated in a similar manner to a separately purchased 
chemical fertiliser. A monetary value can be ascribed to the value of the fertiliser, the 
carbon and the energy content of the straw (excluding the value of the energy content 
of the carbon produced). The low input cost coupled with the relatively high value of 
activated carbon and energy has the potential to make this process a commercial 
success.
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6.3 Process economics
Realising the value of the work presented here is as much an economic challenge as a 
scientific one. The economics of this process are determined by the value of what is 
produced subtracting the value of that which is consumed. In addition there are the 
capital costs of the facilities required to execute the process. Capital and start-up costs 
for a pyrolysis process producing activated carbon should be broadly comparable to a 
pyrolysis process without this functionality. This is due to the largest part of the 
capital cost in either case being derived from the equipment required for biomass 
energy conversion. The only additional start-up capital required for to add intrinsic 
activation to a bioenergy plant would be the equipment required for the acid washing 
step; this would require some stainless steel tanks and a drum press at a combined 
relatively low estimated total cost <200K pounds. This section will attempt to put 
realistic figures on the input costs, output values. Comparison will be made between a 
pyrolysis plant operating with and without the carbon processing step. As the required 
equipment is very similar for both variants and it is difficult to accurately determine 
the cost of the required plant, the economic analysis will focus on the potential 
running advantages of intrinsic activation as well as its costs.
Any process based on these results would produce bioenergy either in the form of 
electrical energy or bio-fuel. The energy content of the precursors becomes a key 
determinant of their potential value as inputs. The energy value of biofuel products 
depends on the conversion efficiency of the plant used to produce them. The most 
efficient process for producing biofuel at present is methanol production from 
gasification or pyrolysis. The efficiency estimate used here to convert syngas into 
methanol is 49%, which assumes currently available commercial technology attached 
to a pyrolysis or gasification plant (Van Rens et al., 2010). The price of methanol
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biofuel is taken from a market report prepared by Whyton energy consulting 
(Whyton energy consulting., 2011). The estimate for electrical conversion efficiency 
is based on a 25-50MW biomass fired pyrolysis or gassification plant (Caputo et al., 
2004). The price of electricity is accurate to the month of submission of this thesis and 
is derived from the wholesale price of electricity in the UK as determined by Offgem, 
a government body (Offgem, 2012). The price of activated carbon is variable, ranging 
from very cheap Chinese imports which cost $800 (~£500) per tonne to $3100 for 
better quality material from Japan (Choy et al., 2005). The cheaper prices do not 
include the shipping which would add to the price. A working price here is set as the 
lowest value material costing £850 per tonne to higher value material with a value of 
around £1200 per tonne. These values are based on quotes obtained by personal 
communication between Frans De Leij and Chemviron Ltd, the European subsidiary 
of the Calgon carbon corporation. The quotes are supported by Choy et al (2005) who 
suggest a working price in the US of $1900 (-£1200). The calculations presented here 
assume both a higher value material and constitute very conservative estimates. This 
allows us to frame the process value in terms of a realistic range rather than an 
optimistic estimate.
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Table 6.1 Energy values fo r  studied biomass precursors. Values are derived from the 
higher heating value (HHV) formula described in (Sheng and Azevedo, 2004) The 
formula states HHV(Mj/kg)=19.914-0.2324*Inorganic content. Adjustments have 
been made to take account o f mineral content and the efficiency o f the respective fuel 
and electrical conversions. Values used and sources are as described in the text 
above.
Biomass precursor Fuel value (methanol)
E/tonne precursor
Electricity value
E/tonne precursor
Alfalfa 288 416
Barley straw 295 429
Bladderwrack 260 367
Sea sorrel 260 367
Eucalyptus 298 437
Stinging nettle 266 377
Nettle compost 252 353
Oarweed 263 375
Pine 299 437
Oilseed rape 287 415
Seabeet 273 392
Sweet chesnut 287 415
Wrack 263 372
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For the purposes of analysis it is important to determine the most likely precursor 
that will be used for intrinsic activation. The best intrinsically activated carbon was 
derived from the pyrolysis of oarweed. However there is currently no established 
harvesting industry on the scale required to provide the feedstock for a profitable 
process, only 8kt of dry algal biomass is harvested annualy in western Europe most of 
which is used for producing bio-coloids such as alginate for food and cosmetics 
(Roberts and Upham., 2012). Furthermore oarweed has a high water content (75% by 
mass) that would need to be removed before pyrolysis. This does not mean that 
seaweeds should be ruled out in the medium term as oarweed could produce an 
activated carbon that has a high enough value to compensate for its expense in terms 
of source material and drying costs. The scale of the industry also suggests that it is 
possible to harvest this material commercially a fact which has generated much 
interest in using macroalgae as a fuel source (Jones and Mayfield., 2012; Ross et al., 
2008; Ruane et a l, 2010). Many of the materials described in the above table are 
valuable for other purposes such as wood and therefore have an economical value 
other than that derived from their fuel value. Of the non-woody materials the only two 
producing high value activated carbons during pyrolysis are Alfalfa and Oilseed rape 
straw. In the short term context of commercialisation the best material would be the 
most widely available agricultural residue with the lowest value and highest 
performance for intrinsic activation. Alfalfa is a valuable animal feed and does not 
leave any low value residues with a price of around $203 per tonne (USD A National 
agricultural statistics service). Oilseed rape straw on the other hand is rough and 
jagged making it of little value as an animal bedding, the predominant use for other 
straws, and thus has a low market value. Baling and transport of collected straw 
would mean that the material is not free, but has a price that would compensate
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farmers for collection, baling, transport and lost fertiliser value. The estimated price 
of Oilseed rape straw is £50 delivered as a dry product based on a bulk purchase 
organised by Frans De Leij and personally communicated to the author. Oilseed rape 
straw performs well for intrinsic activation as well as having high energy content, it is 
therefore chosen as the model biological precursor.
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Input biomass 
(residual oilseed rape straw) 
(£50/tonne)
Pyrolysis process, converts 
biomass into char and bio-oil 
or electricity.
Acid washing of char 
using dilute nitric acid. 
Costs: Nitric acid 
(£19/tonne)
Iz
Bioenergy either in the  
form of methanol or 
electricity. 
Methanol (£105/tonne) 
Electricity (£83/tonne)
Intrinsically activated 
carbon 
(£136-192/tonne) 
Depending on quality
Mixed nitrate salts 
(potential fertilizer) 
(£39/Tonne)
Figure 6.1 Flow diagram representing the running input costs and values o f  products 
from a model pyrolysis system using intrinsic activation. Prices given represent the 
cost per tonne o f input biomass. Energy output values take account o f the efficiency o f  
both fuel and electrical energy production using contemporary technology. Negative 
adjustments have been made to energy output due to the carbon retention required for  
producing activated carbon assuming a yield o f 10.5% carbon and an HHV(charcoal) 
o f26000 megajoules/tonne. Reductions in output due to the use o f a higher mineral 
content precursor were calculated using the HHV formula described in Fig 6.1. The 
diagram therefore demonstrates the economic benefit o f producing activated carbon 
and salts from output char.
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Table 6.2 Differences in the running value o f a biomass pyrolysis plant on a per tonne 
biomass basis. The energy figures fo r  pyrolysis alone are slightly higher due to the 
assumption o f a low mineral content fuel and no requirement fo r  a residual char, 
which may be gassified or burnt o ff instead to generate secondary energy. The 
efficiency multiplier is the multiple o f  monetary value which may be extracted from  
each tonne o f biomass by similar plants as a result o f using the intrinsic activation 
process with pyrolysis rather than pyrolysis alone. The lower figure assumes the 
lower estimate for activated carbon value, while the higher figure assumes that a 
higher value carbon is achieved. Estimates fo r  activated carbon values are derived 
directly from quotes from Chemviron (European subsidiary o f the Calgon carbon 
corporation).
Value proposition
Biomass pyrolysis Biomass pyrolysis with 
intrinsic activation
Inputs Biomass residue ~£50/tonne Biomass residue ~£50/tonne 
Nitric acid £19/tonne
|
Outputs Biofuel E lll / to n n e  
Or
Bioenergy electricity £92/tonne
Biofuel (m ethanol) £105/tonne 
Or
Bioenergy electricity £83/tonne 
Activated carbon £136-192/ton ne 
Salts £39/tonne
Value Fuel £60/tonne £211-267
Electricity £42/tonne £189-245
Value Fuel 3.5 - 4.5
multiplier Electricity 4.5-5.8
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6.4 Realising the biochar concept
The concept of burying biochar for carbon sequestration would require carbons 
produced in quantities of around 3GT and buried as a soil conditioner (Matovic, 
2010). A major barrier to the implementation of this process is the economics of 
producing carbons. Any hypothetical (non-activated) carbon, no matter how good its 
quality as a soil conditioner would be more valuable in the short term as a fuel than as 
a soil conditioner. As fuel charcoal is a small volume niche market the best 
comparison is fuel coal which sells for between $104.42 (nominal US dollars at pre­
recession peak economic output, 2008) and $100.64 (2012 nominal US dollars), 
source; (World Bank, 2012). Long term implementation of the biochar concept would 
require carbons to be produced as a cheap by-product of a profitable industry. If the 
porosity of carbons could be increased it would be possible to incentivise the 
innovation and development required for the technology to benefit from economies of 
scale. The subsequent reductions in price could then facilitate the implementation of 
the biochar concept to remediate soils and improve soil quality on a larger scale. The 
carbon produced by these processes would ideally be of poor value as a fuel and high 
value as a soil conditioner. Properties which detract from fuel value include, high 
insoluble mineral content and low density (porous). High mineral content increases 
the requirement for cleaning and maintenance of furnaces used in power plants while 
low density increases the bulk and therefore the logistical cost associated with a given 
mass of fuel (Monti et al., 2007). Finding carbon by-products with these properties 
while also having a high surface area would not only give the carbons high economic 
value but would also provide an incentive to use them for remediation and soil 
conditioning rather than combustion.
135
The concept of burying biochar has a strong intuitive appeal stemming principally 
from its potential to simultaneously improve the productivity of agricultural land 
while sequestering carbon from the atmosphere. The paradigm suffers from issues of 
poor short-term economics however. As biochar has a very long half-life in soil of 30- 
800 years (Liang et ah, 2008), the agricultural value realised over very long time 
periods will be greater than any short-term gains achieved by burning it as fuel. The 
problem is the immediate capital costs of large scale production as well as the costs of 
the associated scientific and engineering research and development. These costs 
cannot be borne by the type of quick retums-venture capital available to small start-up 
companies. Any process which must be deployed on a truly massive scale to achieve a 
long term goal must be attractive to commercial enterprise in the short to medium 
term. The only alternative to this would be a subsidised system where a premium is 
paid to charcoal producers for incorporating carbon into soil. Such subsidies would 
have to be on a massive scale and would be politically awkward for naturally short­
term thinking democratic governments. Without financial incentives in the form of 
subsidies, profitable short-term product/s must be forthcoming. To this end the work 
presented in this thesis has focussed on the optimisation of the structure and 
properties of biomass derived pyrolytic carbons. The increased value of the carbon as 
well as producing a valuable fertiliser could favour pyrolysis of biomass (compared 
with burning). This would allow the realisation of the biochar concept, within the 
framework of an economically viable process. For comparison the fuel value of coal 
is ~£70/tonne, the value of an activated carbon is £850-1200 per tonne. Greater than 
10 fold reduction in the price of activated carbon would be required to make it more 
valuable as a fuel than an adsorbent. Even assuming a 10 fold reduction in the value 
of the porous carbon, the price of feeding the process more biomass would still be less
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(£30-60/tonne) than the cost of re-using the carbon as a fuel. The bioenergy model 
proposed here might therefore potentially solve the economic issues associated with 
realising the biochar concept.
6.5 Carbons as agents for the mitigation of environmental pollution
The purpose of environmental remediation is to break pollutant-receptor linkages. 
Pollutants are substances that damage the environment or living organisms through 
direct or indirect mechanisms. Receptors are organisms, habitats or ecosystems which 
could be damaged by pollutants (Bertazon et ah, 2005). The most obvious mechanism 
of damage is the toxicity which occurs when chemicals interact with the components 
of living systems in such a way as to reduce their functioning or diminish their ability 
to survive or thrive. A good example of this would be primary poisoning of 
earthworms by toxic metals in soils (Nahmani et al., 2006). However a given receptor 
(e.g. bird) need not be in direct contact with a toxin but may ingest it indirectly 
through its accumulation in a prey species (e.g. earthworms), this is referred to as 
secondary poisoning (Spurgeon and Hopkin, 1996). Effects of pollution can occur 
indirectly when a chain of ecological interactions is damaged by changes to one part 
of that chain. An example would include eutrophication of fresh water caused by 
fertilizer run-off. This can lead to overgrowth of bacteria and algae, which depletes 
oxygen supplies in the water by inhibiting water agitation and increasing subsurface 
biomass decay. Overgrowing algae and bacteria can produce toxins of their own, thus 
having a twofold destructive effect on ecosystem functioning (Graneli et a l, 2008).
The breaking of pollutant receptor linkages may be achieved in two principle 
ways: Removal or stabilisation. The removal of pollution is achieved by either 
removing the contaminated material to a landfill site by extracting the pollutant using
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some form of washing process, thermal desorption or degrading pollutants in situ 
using natural attenuation or bio-remediation. When wholesale removal is used, the 
contaminated material is normally land filled (UK environment agency waste 
acceptance criteria, 2005). Wholesale removal of polluted material ensures that there 
is no risk of pollutant transfer to potential receptors in the shortest possible time 
frame. However, the increasing cost of disposing of contaminated soil as waste 
(Landfill tax rising from £56-64 per tonne on top of land fill cost which is estimated at 
£60) reduces the viability of this option (Van Herwijnen et al., 2007; HMRC, 2012). 
The main purpose of this kind of remediation is to free up valuable urban land for 
construction rather than eliminating pollutants altogether. Washing processes such as 
pump and treat systems extract ground water and circulate it through a filter bed 
before returning the water to the soil. A very large amount of activated carbons are 
used by the remediation industry in this capacity. A market report prepared by the 
Roskill consultancy found that this use of activated carbon accounted for around 10% 
of the activated carbon market by volume. Effective pump and treat strategies often 
involve potent surfactants to mobilise organic pollutants allowing them to be washed 
out of the soil. Pump and treat systems have several disadvantages including the long 
time required (10-30 years for effective clean up), the expense of such a sustained 
process and the potential escape of the chelators and surfactants used into aquifers or 
water courses below and around the treated land (Couto et al., 2008). The cost and 
other associated problems with soil removal and/or remediation has driven attempts to 
find cheaper and equally effective solutions to the clean-up of polluted land. 
Stabilisation is a strategy which does not remove or eliminate the pollutant, but 
attempts to eliminate contact between the pollutant and susceptible biological 
systems, the so called “breaking of pollutant-receptor linkages”.
138
(Ehlers and Loibner, 2005). This is usually achieved by treating contaminated 
materials with adsorbents, thus binding the pollutant molecule preferentially to the 
adsorbent and thus preventing its interaction with biological receptors. Much work 
has been done to develop novel sorbents. High tech sorbents such as ion exchange 
composites (Yin et a l, 2009), resins and ceramics for metal ion immobilisation have 
been developed (Jing et a l, 2008.) Specialty activated carbons for the capture of 
organic contaminants are highly efficient at binding organic pollutants and metals, but 
due to their high cost are limited to small-scale applications such as the decolorisation 
and the purification of potable water. To remediate contaminated land, a product must 
be inexpensive as well as highly effective; a very difficult combination to achieve.
Adsorption of organic molecules from soil in-situ is not a commonly used strategy, 
as there are few cheap sorbents on the market that have sufficient affinity for 
pollutants in order to allow irreversible immobilisation. This is a possible niche for 
cheap intrinsically activated biochars as their low production costs could potentially 
be used to adsorb organic pollutants. The focus of most remediation strategies for 
organic pollutants, has been on removal, washing, thermal desorption or in situ 
degradation of pollutants. Some small scale studies have demonstrated the potential 
use of activated carbons for the immobilisation of organic contaminants, particularly 
pesticides (Hale et al., 2012). Unfortunately the cost of activated carbon 
(>£850/tonne) has limited its use as a soil amendment on a large scale (Brandli et a l, 
2008).
One of the objectives of this research was to develop environmental remediation 
products from low-cost source materials that have a very high affinity for organic 
pollutants. Prior research described in Wingate., (2008) has identified charcoals 
derived from specific source materials that possessed hitherto unachieved sorption
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capacities for metal ions. Charcoals studied in Wingate., (2008) were produced by 
standard charring processes (heating at 450°C under oxygen free conditions for one 
hour) rather than using the higher temperatures required for intrinsic activation. This 
meant that the surface area of the carbons produced was too low to consider 
adsorption based remediation of organics. Work by Helen Sneath (2010) has instead 
focused on using the macropore structure of charcoals as a microenvironment for 
microbial colonisation to encourage microbial degradation of pollutants in soil. Work 
by Sneath (2010) also observed that using the metal adsorbing charcoals to remediate 
mixed organic- metal contamination promoted microbial population recovery and led 
to microbial degredation of organics.
6.6 Use of carbons for prevention of contamination at point sources
Activated carbon is used to pre-treat flue gases before release into the atmosphere. 
Mercury and organomercurial compounds such as methyl mercury are released from 
waste incinerators and coal fired power stations. Mercury and its compounds are 
major targets for research into gas phase adsorption using activated carbons 
(Diamantopoulou et ah, 2009). Flue gas desulfurisation in accordance with the clean 
air acts introduced throughout the developed world in the 1970s has also driven the 
widespread use of activated carbons for the treatment of gas phase industrial waste 
streams. The tightening of legislation regulating the release of flue gases is driving 
17% annual growth in the market for adsorbents optimised for gas phase applications 
as of 2007 (Roskill market report., 2010). Carbons are also used to remove 
contaminants from aqueous waste streams derived from the chemical industry. The 
contaminants are often residual dyes produced by the textiles industry (Khaled et a l,
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2008). A cheap source of high surface area carbon would be of benefit in any of these 
approaches to the minimisation of pollution release at source.
6.7 Limitations to the deployment of high surface area carbons
For commercial processes the surface of the activated carbon is a finite resource and 
carbons become exhausted by the accumulation of organic matter and calcium 
deposits on their surfaces. Therefore activated carbons require re-activation so as to 
remove deposits by subjecting the carbons to temperatures between 400-500 °C thus 
volatilizing any bound substances (Zhang et ah, 2009). This reactivation process 
however depletes the capacity of the material to adsorb very small molecules, as 
micropores are destroyed by traces of oxygen or CO2 reacting with the pore structure 
via calcium catalysis (Mazyck and Cannon, 2001).
6.8 Further work
• Screening and study of wider range of biomass precursors
While a relatively large range of materials has been studied in this work, it would 
nonetheless be useful to extend this work to encompass an even larger range of 
commercially available agricultural residues. Previous work has shown that mineral 
content is highest in fast growing plants and that this relationship also holds within the 
structure of the plant (Wingate/., 2008). It would therefore make sense for any further 
work in this area to focus on the fastest growing plants that are the most widely 
available. In addition, animal wastes contain high mineral content thus spent 
commercial animal bedding may also be of interest for producing intrinsically 
activated carbons (Atiyeh et al., 2000). Specific precursors worthy of further
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investigation might also include rice husks, rice straw, wheat straw, food wastes and 
animal bedding such as pig or chicken litter.
• Novel chemical activation methods
A number of correlations have been reported in the second chapter of this thesis 
between specific elemental content of feed stocks and the textural properties which 
can be achieved using intrinsic activation. The relationship between porosity and 
sulfur content is informative as sulfur compounds are not reported as having been 
used for chemical activation processes. The testing of sulfur compounds in particular 
potassium and magnesium sulfates as exogenously added activating agents would 
appear to be a useful.
• Scale-up process development
The effects of process design and conditions have been determined at lab scale. 
However the requirements of a scaled up operation using thousands or millions of 
times the throughput of material must still be determined. The variables other than 
precursor choice affecting the properties of the carbons produced include the head­
space gas composition and the process temperature. When dealing with a large scale 
process the evenness of heating could become an issue, as a large bulk of material 
may not interact with the heated apparatus in the same way or may do so more slowly. 
Another issue is the interaction of process gases with the bulk of material. This 
interaction may also need to be changed in a large-scale system when compared with 
laboratory scale production of pyrolytic carbons. The next logical step in the research 
and development from this point of view would be the establishment of a pilot plant 
on a scale closer to the anticipated working capacity of the apparatus required to
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produce carbon commercially. It is important to develop the scaled up apparatus in 
unison with engineers with the relevant experience in pyrolysis in order to improve 
the odds of success.
• Process optimisation for bioenergy production during intrinsic activation
It is important to determine the composition of the gas exhaust from the process using 
GCMS or other high resolution chemical techniques. This would allow the 
determination of the best method of harnessing the energy contained in the gas 
produced from different precursor materials. If the gas produced consists 
predominantly of methanol and light hydrocarbons it will simplify the process of 
refining the exhaust into a convenient fuel source for engines, generators and 
automobiles. If however the composition is highly heterogeneous and contains large 
amounts of tar and substances which are less convenient for condensing, transporting 
and refinement then immediate combustion and generation of electricity on site would 
be the preferred method of harnessing the bioenergy. Based on previous work it is 
anticipated that the mineral content will crack the hydrocarbons and carbohydrates 
into small molecules such as esters, alcohols and short chain hydrocarbons (Mourant 
et al., 2011). It is therefore likely that the production of biofuel from such gases 
would require a simpler apparatus than that for the generation of electricity. This will 
allow remote plants to convert high mineral content biomass (Oilseed rape) into a 
liquid biofuel that could be refined in larger more centralised plants into a consumer 
ready fuel. It is an additional technical concern that the large-scale apparatus must be 
designed to fire the endothermie pyrolysis part of the reaction off a proportion of the 
gases subsequently released. This is already done for equipment used in the disposal 
of tyres by pyrolysis but may require some unanticipated alteration of the biomass
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processing (a less defined chemical composition) (Islam et al., 2011). It is likely that 
the tyre pyrolysis industry would provide initial equipment and expertise for this step.
• Assessment of intrinsically activated carbons for soil fertility 
enhancement
The optimisation of the properties of biomass derived carbons represents a major 
advance in moving biochar from concept to realisation. It has been established in the 
literature that water holding capacity and associated nutrient holding capacity are 
crucial to the soil improvements brought about by biochar amendments (Karhu et ah, 
2010). Furthermore it has been demonstrated that biochar can be used to clean up soil 
and reduce the bioavailability of pollutants so as to promote re-vegetation and soil 
improvement (see appendix chapter 2). The precise effects of improving the surface 
area and pore volume of carbons on their efficacy as soil amendments has yet to be 
shown directly. In spite of the strength of the conceptual appeal of this improvement it 
must be scientifically proven to have a strong effect in field trials. This would 
demonstrate that the advancements here have the potential to improve biochar 
performance as a soil conditioner as well as an adsorbent.
• Assessment of activated carbons for use in industrial processes
The capacity of an activated carbon to fulfil a certain industrial role is largely 
determined by the textural properties described in this thesis. For many activated 
carbon consuming processes such as flue gas treatment and water treatment a 
powdered activated carbon is the predominant activated carbon used and the value of 
the material is determined by the aforementioned textural properties. The production 
of filters and other specialised applications will require certain special forms of
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carbon such as granular activated carbon with a certain size, density and porosity 
specific to each application. The development of carbons to fit these types of niches 
would require further work to identify the best methods of production and source 
materials to achieve the specific needs of each process. This would represent a stage 
beyond the optimisation of the process for large scale deployment.
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COMPOSITE ADSORBENT MATERIAL
The present invention relates to composite adsorbent materials, and in particular, to 
highly porous carbon-based composite materials for the adsorption and stabilisation of 
inorganic substances. The invention extends to various uses of such adsorbent 
materials, for example in water purification, recovery of metals from waste streams 
and remediation applications, and where the absorbent material is amended into soil, 
waste etc. for the purpose of breaking pollutant-receptor linkages.
Heavy metals that are present in soil, effluents and sewage sludge can pose major 
environmental problems if there is a pathway by which they can reach receptors such 
as ground and surface waters, humans or ecosystems. For example, arsenic is a 
common contaminant in mining areas and is currently a significant problem in South 
America and South East Asia, in places where contaminated ground water is extracted 
for drinking. Effective, cheap and sustainable methods that allow adsorption of 
harmful metals and arsenic would therefore be very useful as a means for 
decontaminating substances that contain potentially harmful quantities of heavy 
metals and arsenic species. Similarly, compositions are required for the effective 
capture of radionuclides from contaminated water.
Known compositions that can be used for adsorbing toxic compounds include 
particles of porous adsorbent species, such as silicate materials, or activated carbon 
particles which have been coated on their outer surface with adsorbent species (e.g. 
silicates). However, a problem with these known adsorbent materials is that because 
the adsorbent species are only present on the outer surface of the particles, in use, they 
are exposed directly to the surrounding fluids containing the toxic compound, and so
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their stability and thus activity under adverse conditions is significantly compromised. 
A further problem is that, because the adsorbent species are present on the surface of 
the particles, they are susceptible to abrasion, such that the adsorbent is removed, 
resulting in a further loss in efficacy.
Conditioning or "amendment" of soils with carbonates, silicates and hydroxides are 
well-known methods to reduce metal toxicity in heavy metal contaminated soils. The 
addition of calcium carbonate or calcium hydroxide to soil is known as Timing’, and 
the addition of silicates in the form of Portland cement is known as ‘cement 
stabilisation’, in which contaminated soil is solidified by transforming it into concrete. 
The mode of action for these soil amendments is thought to be two-fold. Firstly, the 
soil amendments themselves raise the pH of the soil resulting in the formation of 
insoluble metal hydroxides. Secondly, since the amendments are normally in the form 
of a calcium salt, the calcium ion is displaced by a heavy metal ion with the resulting 
heavy metal salt being more stable than the calcium salt.
However, one problem with these soil conditioning methods using cement-like 
products is that they form aggregates that are damaging to the soil’s structure, even at 
small concentrations. Another problem is that the amendments are very unstable at 
low pH. For example, for carbonates, a pH of about only 7.0 results in the 
disintegration of the carbonate into carbon dioxide and the release of heavy metal 
ions. In addition, the more acidic the soil is, the quicker this reaction is. In acid- 
generating soils, these methods therefore only give temporary relief. Addition of 
larger particles, in the form of limestone chips has the disadvantage that only a small 
surface area is reactive, and the metal carbonates that form on the surfaces of these
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chips prevent further reactions from taking place, limiting their adsorbent capability 
on a weight for weight basis. Furthermore, the crust of metal carbonates that forms 
on the surface of such a chip is liable to erosion and subsequent rapid disintegration. 
Thus, methods that would significantly stabilise metal carbonates, silicates and/or 
Oxides without compromising the reactive surface area of the adsorbent material 
would be extremely useful because this would result in a much longer treatment effect 
(proportional to the stability gain) even under acidic conditions.
The adsorbent properties of silicates and hydrotalcites are well-known, and have been 
used to remove heavy metals and arsenic species from waste streams, remove 
radionuclides, and treat soils that are contaminated with heavy metals. However, a 
major problem is that, in their pure form, these adsorbent materials present themselves 
as a fine powder with thixotropic properties when wetted. In the case of hydrotalcites 
for example, when used in a filter, the adsorbent particles clog together severely 
impeding water flow. Alternatively, when mixed with water, they produce a very fine 
suspension that settles out very slowly, and is almost impossible to remove by 
filtration.
The presence of metal carbonates and oxides within charcoals produced from biomass 
is also known. However, these materials rely on alkaline compunds that are already 
present in the plant material, and suffer from the problem that they are unstable and of 
limited use for the removal of certain pollutants, such as heavy metals ions or arsenic 
species, from a contaminated source.
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There is therefore a need for improved adsorbent materials, which can be used to 
adsorb heavy metal pollutants, for example in soil, effluents and sewage.
In a first aspect, the invention provides a composite adsorbent material comprising a 
porous carbon carrier matrix and an adsorbent species, wherein the adsorbent species 
is precipitated within the pores of the carrier matrix.
The absorbent material of the invention requires the precipitation of specific 
adsorbent species that are added to the carrier matrix, and precipitated within its 
pores. Thus, the adsorbent species were not part of the carbon carrier matrix 
originally. Advantageously, the inventors have demonstrated that the composite 
materials of the invention may be used in a wide variety of applications, such as for 
addressing environmental pollution, for cleaning drinking water, or treatment of 
industrial and agricultural effluent, removal of heavy metals (such as arsenic) from 
landfill leachate, groundwater, sewage sludge, as well as in various soil applications. 
For example, as illustrated in Figure 5, the composite material can be used to 
efficiently amend a polluted soil, or a highly acidic soil, without destroying soil 
productivity and quality, thereby allowing plants to grow, which would not otherwise 
be possible. Furthermore, compared to known adsorbent compounds, the composite 
material of the invention can be designed with optimised pore and particle size 
characteristics in order to provide improved stability and reactivity. Ability to 
manipulate size and reaction strength of the material by choosing the most appropriate 
precursors also ensures that composite materials can be created that can be used in 
scenarios where certain flow rates need to be maintained, e.g. water filters.
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As discussed below, the composite material may be used to control and modify the 
dynamics of adsorption processes. It will be appreciated that adsorption involves the 
binding of a molecule (i.e. the adsorbate) to a site on a surface which has an affinity 
for that molecule (i.e. the sorbent species). Adsorption processes generally consist of 
two types, i.e. either physisorption (also called physical adsorption) or chemisorption 
(also called chemical adsorption). Physisorption describes binding which occurs as a 
result of weak Van der Waals forces, while chemisorption relies on the formation of 
chemical bonds. Chemisorption processes are heavily dependent on environmental 
conditions. For example, for inorganic reactions, pH is one of the most critical 
variables for adsorption to occur.
As described in the Examples, calcium silicate will undergo a displacement reaction 
with divalent copper ions resulting in the formation of copper silicate, resulting in the 
removal of the copper ions from the solution. This process is efficient at a pH of 7, 
but hardly occurs at all at a pH of 5 or less. Calcium silicate is sparingly soluble, and 
raises the pH of any aqueous system into which it is introduced. Thus, if calcium 
silicate is confined within a diffusion limited micro-environment, such as the 
composite material of the first aspect, it will raise the pH of that environment far 
higher than the equilibrium pH that would otherwise be achieved by the free chemical 
present in an aqueous solution.
Advantageously, this phenomenon enhances the chemisorption process between the 
sorbent species and the adsorbate (i.e. the copper ions) within the porous matrix. 
Hence, the porous carbon not only acts as an efficacious support matrix for the 
adsorbent species that maximises the reactive surface of the adsorbent, it also serves
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to modify the chemical interactions between the adsorbate and the adsorbent species. 
The porous structure of the matrix acts to restrict diffusion allowing sparingly soluble 
alkaline sorbent species to raise the internal pH of the fluid within the pores, while 
maintaining sufficient contact with the external environment to allow access by the 
adsorbate.
Therefore, in one embodiment the adsorbent species may be capable of influencing 
the ionic composition of the surrounding aqueous phase, wherein the resultant 
composite material produces an internal chemical environment which is different to 
that outside the material. Advantageously, this allows certain adsorption reactions to 
take place in conditions which would not normally be favourable to such a reaction. 
By way of example, heavy metals can be adsorbed from an acidic environment by 
creating an alkaline environment inside the composite material.
Due to the diffusion limitations created by the internal pore structure of the carrier 
matrix, dissolution of a sparingly soluble adsorbent species would require a very long 
period of time compared to the time that it would take to dissolve the same adsorbent 
in the absence of the matrix. Advantageously, therefore, during the extended period 
for which the composite material of the first aspect is stable, adsorption may take 
place unhindered even in environments that are not normally conducive to the 
adsorption process in question. Indeed, as described in the Examples, in field trials, 
silicate-containing carbons have been shown to retain heavy metals even when the pH 
of the soil approaches pH 2. Although the inventors do not wish to be bound by 
theory, they hypothesise that the primary condition for this mechanism may be that 
the adsorbent species is significantly less soluble than the adsorbate, and as a result,
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there will tend to be an accumulation of adsorbate within the confines of the porous 
structure of the matrix.
Other reactions that would stabilise compounds within a composite material are those 
that result in the production of a gas. For example, reaction of a carbonate with an 
acid will result in the formation of carbon dioxide. If the carbonate is in a free form 
(i.e. not incorporated within a porous matrix), then this carbon -dioxide would rapidly 
diffuse. However, advantageously, within a porous structure, the carbon dioxide gas 
would form gas pockets, thus creating an effective barrier preventing further diffusion 
of the adsorbed molecules, thereby effectively trapping them inside the composite 
material.
The composite material comprises an existing material (i.e. the porous structure of 
carbon) as a matrix to create a particle with a large reactive surface area. The reactive 
properties of the composite material are determined by the presence of the adsorbent 
species that is precipitated (i.e. encapsulated) within the pores of the matrix. The 
maximum capacity of the composite material created to adsorb adsorbate ions is 
determined by the nature and quantity of the adsorbent species that is precipitated 
within the pore structure of the carrier matrix, provided that porosity is maintained. 
Accordingly, if the pores in the matrix are blocked because of over-impregnation with 
the adsorbent species, the composite material may not be able to reach its maximum 
adsorption capacity. The reactivity of the composite material is determined by the 
particle size of the carbon matrix and the size of its pores. Source materials used as 
the matrix may therefore be chosen or modified to give specific properties in terms of 
reactivity and stability of the resultant material.
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The composite material of the invention is distinguished from known adsorbent 
materials, such as porous silicate particles or activated carbon particles coated with 
silicate, because, in the composite material of the invention, the adsorbent species is 
incorporated inside or within the carbon matrix itself, whereas, in known materials, 
only the outer surface of the particles are coated with adsorbents, such as silicates. 
Thus, the composite material of the first aspect is far more stable, and, unlike the 
known materials, does not lose the adsorbent species through abrasion. Furthermore, 
precipitation in the pores of the matrix allows a very high surface area to be 
maintained allowing maximum adsorption.
The composite material of the first aspect may take the form of a highly porous 
carbon matrix where the pore structure of the matrix itself is used to contain a 
chemically distinct adsorbent species. Precipitating the adsorbent species within the 
pores of the carbon matrix alters the kinetics of any reaction between chemical 
species dissolved in fluids in which the composite material is immersed and the 
adsorbent species within the carbon matrix. Thus, by varying the pore size distribution 
within the carbon material and the percentage loading of the adsorbent species, one 
may optimise the behaviour of the adsorbent for a specific purpose or environment. 
Hence, increasing the percentage loading of adsorbent-by-mass changes the rate of 
adsorption/desorption due to diffusion limitation within the pores in the carbon 
matrix.
For example, raising the percentage loading of adsorbent species within the matrix 
increases total adsorption capacity for the composite material. Alternatively, reducing 
the percentage loading of adsorbent species within the matrix increases the available
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reaction surface at the expense of sorption capacity. Thus, it is possible to produce a 
composite material having a modest overall capacity but with a fast rate of reaction, 
or produce a composite material which has a slower reaction rate, but with a very high 
capacity.
The concentration of the carrier matrix in the composite material may be between 10- 
99% (w/w) or between 30-95% (w/w) of the total weight of the composite material. 
Preferably, the concentration of the carrier matrix in the composite material may be 
between 50-90% (w/w) of the total weight of the composite material. The carrier 
matrix may comprise or be derived from a cellulosic precursor material, preferably a 
ligno-cellulosic precursor material. For example, the carrier matrix may comprise, or 
be derived from, plant material, and preferably woody plant material. The carrier 
matrix may comprise or be derived from any hardwood species of plant.
Alternatively, the carrier matrix may comprise or be derived from a softwood species, 
for example a conifer. Other source materials that are suitable as a carbon carrier 
precursor are those derived from bamboo. In the Examples, sweet chestnut wood has 
been used as the precursor material.
The carrier matrix may comprise activated or non-activated carbon. However, it is 
preferred that the carrier matrix comprises non-activated carbon.
In embodiments where the carrier matrix is an activated carbon, it may be 
microporous or mesoporous. Pores in an adsorbent material are called “micropores” if 
their pore size is less than 2 nm in diameter, and pores are called “mesopores” if their 
pore size is in the range of 2 to 50nm in diameter.
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Preferably, however, the carrier matrix may be substantially macroporous. Pores in an 
adsorbent material are called “macropores” if their pore size is greater than 50nm in 
diameter. It is envisaged that macropores having diameters greater than 500nm do not 
usually contribute significantly to adsorbency of porous materials. Therefore, for 
practical purposes, pores having diameters in the range of 50nm to 500nm, more 
typically 50 to SOOnm, or 50 to 200nm, may be classified as macropores. Non- 
activated carbons have normally a pore structure that is dominated by macropores.
The concentration of the adsorbent species in the composite material may be between 
1-90% (w/w) or between 10-75% (w/w) of the total weight of the composite material. 
Preferably, the concentration of the adsorbent species in the composite material may 
be between 20-50% of the total weight of the composite material.
The adsorbent species may be precipitated within the pores of the carrier matrix using 
precipitation methods that will be commonly known to the skilled technician, 
examples of which are metathesis reactions or displacement reactions where a more 
reactive metal ion displaces a less reactive metal ion within a salt (R. H. Grubbs (Ed.), 
Handbook of Metathesis, Wiley-VCH, Weinheim, 2003).
The adsorbent species may be basic, and sparingly soluble. For example, the 
adsorbent species may comprise a metal silicate, a metal hydrotalcite, a metal 
phosphate, a metal oxide, metal hydroxide, metal sulfide and/or a metal carbonate.
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The reactivity series of metals is as follows:
K>Na>Li>Ca>Mg>Al>Mn>Zn>Cr>Fe>Co>Ni>Sn>Pb>H>Cu>Ag>Hg>Au>Pt. 
Hence, elements higher up displace those that come before them. Therefore, suitable 
adsorbents may be constructed from anything that is lower down the reactivity series 
to capture elements that are higher up.
For example, the metal carbonate may be a suitable alkali or alkaline earth metal 
carbonate. For example, the metal carbonate may be calcium carbonate or magnesium 
carbonate. It will be appreciated that calcium and magnesium are just two examples of 
carbonates that could be used. The metal carbonate may comprise a suitable group 3 
metal carbonate, such as aluminium carbonate.
The metal phosphate may be a suitable alkali or alkaline earth metal phosphate. For 
example, the metal phosphate may be calcium phosphate or magnesium phosphate. 
The metal oxide may be a suitable alkali or alkaline earth metal oxide. For example, 
the metal oxide may be calcium oxide or magnesium oxide. Again, it will be 
appreciated that calcium and magnesium are just two examples of oxides that could 
be used. Aluminium oxide and even iron oxides may be used to remove specific 
metals that come higher up the reactivity series.
The metal silicate may be a suitable alkali or alkaline earth metal silicate. For 
example, the metal silicate may be calcium silicate, magnesium silicate, aluminium 
silicate, zinc silicate or iron silicate. However, the higher up the reactivity series the 
metal within the adsorbent, the less its reactivity. The preferred metal silicate is
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therefore calcium silicate which is insoluble at neutral pH and is displaced by the 
maximum number of different elements.
The metal hydroxide may be a suitable alkali or alkaline earth metal hydroxide. For 
example, the metal hydroxide may be calcium hydroxide or magnesium hydroxide. 
The metal hydroxide may comprise a suitable group 3 metal hydroxide, such as 
aluminium hydroxide.
The metal sulfide may be a suitable alkali or alkaline earth metal sulfide. For 
example, the metal sulfide may be calcium sulfide or magnesium sulfide. The metal 
sulfide may comprise a suitable group 3 metal sulfide, such as aluminium sulfide.
The metal hydrotalcite may be a suitable alkali or alkaline earth metal hydrotalcite. 
For example, the metal hydrotalcite may be calcium hydrotalcite or magnesium 
hydrotalcite. It will be appreciated that a hydrotalcite is a layered double hydroxide of 
general formula: (Mg6Al2 (C0 3 )(0 H)i6 .4 (H2 0 ). Hydrotalcites are effective at binding 
anionic metal species such as arsenite, arsenate, phosphates and iodine ions via anion 
exchange. Thus, positioning the hydrotalcite adsorbent species within the pores of the 
carbon matrix provides a composite material exhibiting both stability and reactivity 
that can be further manipulated to make products that can be easily removed from 
liquid media, for example using a sieve.
As described in the examples, in some embodiments of the invention, non-activated 
charcoal may be used as the matrix into which is precipitated a silicate salt or a 
layered-double hydroxide, i.e. a hydrotalcite The incorporation of silicates or 
hydrotalcites into a macro-porous carbon matrix allows the production of a friable,
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and easy to handle material that can be used in filters, mixed with water to adsorb 
pollutants, or can be amended to soil without negatively affecting soil properties. 
Silicate salts, such as magnesium silicate and calcium silicate, are exceptionally 
effective at adsorbing heavy metal cations that are placed higher up in the reactivity 
series than calcium or magnesium via a displacement reaction to form metal-silicates.
As discussed previously, when in pure form, silicates and hydrotalcites form a fine 
powder having thixotropic properties when wetted. Thus, when hydrotalcites are used, 
for example in a filter, the powder will clog up the filter, thereby impeding water 
flow. Further, even at small concentrations in soil amendment applications, silicates 
form aggregates that are damaging to the soil’s structure. However, in the composite 
material of the invention, the pores of the carbon matrix are coated with a thin layer of 
silicates (or hydrotalcites), which allows free flow of water, which does not form a 
fine suspension. Hence, the composite material does not react with soil particles to 
form ‘concrete’, and still maintains its ability to immobilise specific ions.
By using a porous carrier matrix, such as wood charcoal, it is also possible to alter the 
properties of the composite materials by precipitating different chemical species 
having desired properties into its pore structure. For example, in one embodiment, 
iron oxide or iron hydroxide may be introduced into the pores of the composite 
material. It will be appreciated that the resultant material will exhibit magnetic 
properties allowing it to be removed effectively from slurries and liquid media using 
magnets.
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The surface area of the composite material used in accordance with the invention is 
closely determined by the proportion of adsorbent species and the matrix formed 
during the precipitation step from its precursor. The surface area of the pores 
(preferably macro-pores) of the material may be at least 0.5 m2 g"1. However, it is 
preferred that the composite material has a pore surface area of at least 2  m2 g"1, more 
preferably at least 3 m2 g'1, even more preferably at least 4 m2 g'1, and most preferably 
at least 5 m2 g*1. In embodiments where the matrix is an activated carbon, combined 
meso- and micro-pores are commonly between 200 and 2000 m2 g"1. The surface area 
can be measured by the (Brunauer, Emmett, and Teller) “BET method” as described 
by Kantro, D. L., Brunauer, S., and Copeland, L. E. in “BET Surface Areas: Methods 
and Interpretations” in The Solid-Gas Interface, Vol.l (E. A. Flood, Ed.), Marcel 
Dekker, New York, 1967.
Preferably, the composite material has a macro-pore volume which is greater than 0.5 
cm3 ml"1, typically ranging from 0.6 to 1 cm3 ml'1, and preferably about 0.7 to 0.9 cm3 
ml'1. The porosity may be measured by mercury porosimetry, as described in Sol-Gel 
Materials: Chemistry and Applications (John Dalton Wright, Nico A.J.M., Maria 
Sommerdijk (Ed.), P.74, CRC Press 2001).
Preferably, the composite material has pores that have an average diameter that is 
greater than lOnm, more preferably greater than 20nm, even more preferably greater 
than 50nm, and most preferably greater than lOOnm or more.
It will be appreciated that, once prepared, the sorbent composition may be used in any 
configuration, shape or size. For example, the composite adsorbent material may be 
formed as, or into, particles. Thus, the material may be employed in particulate form,
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or combined with an inert solid (monolithic) substrate to produce what is referred to 
in the art as a monolithic structure.
Thus, in a second aspect, there is provided a particle comprising the composite 
adsorbent material of the first aspect.
The particulate form of composite material may be desirable in embodiments of the 
invention where large volumes of adsorbent material are needed, and for use in 
circumstances in which frequent replacement of the material may be required. The 
composite material may comprise finely divided particles, which may be contacted 
with a polluted fluid to be cleaned.
The mean particle size of the composite material may be between about 0.1mm and 
50mm, or between about 0.1mm and 25mm, or between about 0.2mm and 10mm, or 
bigger. In some embodiments, the mean particle size of the composite material may 
be between about 0.1mm and 10mm, or between about 0.2mm and 7mm, or between 
about 0.25mm and 5mm. The mean particle size may be between about 0.2mm and 
1mm, or between about 0.5mm and 3mm, or between about 1mm and 5mm. However, 
for very slow reacting applications that require high stability in acid conditions, 
particles may be between 10mm and 50mm, or even larger. Large particles (for 
example, lumps of charcoal, charred blocks of wood etc.) that are impregnated with 
an adsorbent species may have exceptionally slow reaction speeds, but, as a result, 
could be very useful in various challenging applications.
The size of the particles may be modified to suit a specific application. For example,
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by increasing the size of the particle, water flow through a filter may be increased, but 
‘reactivity speed’ may be decreased. A similar effect may be obtained by using a 
carbon matrix having a smaller pore size. Reducing reactivity speed can be important 
where a pollutant is immobilised by competing ions that are present in the 
environment (such as hydrogen ions). For example, as described in the Examples, 
copper in copper silicate is stable when exposed to a solution with a pH greater that 
5.5. Below this pH, an increasing proportion of the copper ions are displaced with 
decreasing pH. Because both calcium and magnesium silicate act as an alkali, an 
environment is created within the particle that has a high pH and which resists, to a 
large extent, the influx of hydrogen ions from the environment while stabilising the 
metal silicates that have already been formed.
This is believed to be important if the carrier matrix is impregnated with silicates, and 
is ingested by a bird or mammal for example. For example, ‘free’ metal silicates (i.e. 
not precipitated in the matrix) would dissolve releasing the metal ions when contacted 
with the acidic stomach juices. However, when embedded in the carrier matrix, a high 
pH will be maintained within the particles, preventing the release of heavy metals into 
the stomach juices, thus protecting human health, in cases where the material is 
accidentally ingested.
In some embodiments where a particulate form of adsorbent material is required, the 
material may be a loose powder. In other embodiments, the composite material may 
be formed into any shape, for example by moulding and/or the application of pressure 
thereto. For example, the composite material may be formed into a tablet, pellet, 
granule, ring, or sphere, etc.
178
In a third aspect, there is provided use of the composite material of the first aspect or 
the particle of the second aspect for the adsorption of inorganic substances.
The composite material of the invention may have numerous applications, for 
example in the clean-up of environmental pollution, for cleaning drinking water, or 
treatment of industrial and agricultural effluent, for the removal of heavy metals from 
landfill leachate, groundwater or sewage sludge, as well as in various soil applications 
where soil or sediment is contaminated with heavy metals or heavy metal-containing 
compounds, phosphate or any other ionic species.
The term “heavy metal” can mean any of the higher atomic weight elements, which 
have the properties of a metallic substance at STP. For example, the heavy metal or 
heavy metal-containing compound that may be adsorbed by the adsorbent composite 
material may be selected from a group of heavy metals consisting of arsenic, 
beryllium, lead, cadmium, chromium, nickel, zinc, mercury, and barium. The 
inventors have clearly demonstrated, in the examples, that arsenic may be adsorbed by 
the materials of the invention.
It will be appreciated that an important use of the materials of the invention is for 
removing pollutants from fluids, such as water.
Hence, according to a fourth aspect of the invention, there is provided a method of 
removing a pollutant from a fluid, the method comprising contacting a fluid 
comprising a pollutant with the composite adsorbent material of the first aspect or the 
particle of the second aspect under conditions suitable to remove the pollutant from 
the fluid.
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In aqueous systems, it is envisaged that the composite material may be supported on a 
support, for example in a cartridge or is placed inside a porous bag or a filter, or is 
fixed onto a solid support over which the polluted fluid may be passed. 
Advantageously, this would combine fast reaction times with the pollutant, but only 
slow or no release of the pollutant as the environment in the bag or filter is buffered 
against environmental changes, as well as creating a double stabilising effect, i.e. 
inside the composite as well as within the bag.
The method of the fourth aspect may comprise feeding the fluid to be treated to the 
adsorbent material, or vice versa, and allowing the material to remove the pollutant 
from the fluid. The term fluid is intended to cover viscous fluids, such as a sludge or a 
slurry.
The method may comprise a step of separating at least some of the composite material 
from the fluid following sorption of the pollutant. For example, the separation step 
may comprise the use of a filter. Alternatively, in embodiments where the composite 
material is magnetic, for example due to the incorporation of iron oxides/hydroxides, 
a magnet may be used to extract the suspended product.
Thus, in one embodiment, the method may comprise contacting a fluid comprising a 
pollutant with the composite adsorbent material according to the invention, which 
adsorbent material comprises iron oxide and/or iron hydroxide, or the particle 
according to the invention, and allowing the adsorbent material or the particle to be 
removed from the fluid using a magnet.
180
The method may comprise a step of recovering the adsorbed pollutant from the spent 
adsorbent material, as it may be valuable, for example, as in the case of nickel, zinc or 
copper. The recovery step may comprise contacting the spent adsorbent material with 
an acid. By placing the spent composite in an acidic solution, metal ions may be 
released and they can then be subsequently recovered using displacement with a more 
reactive pure metal, for example using electro-kinetics where the metal cations 
accumulate at the cathode, or by using reduction reactions that lead to the formation 
of non-valent metal. In embodiments where the adsorbent removes ions via ion- 
exchange, the recovery step may comprise contacting the spent adsorbent material 
with a concentrated salt solution such as NaCl or CaCl], thereby regenerating the 
sorbent composition for treatment of fresh fluid.
In a fifth aspect, there is provided a soil amendment composition comprising the 
composite adsorbent material of the first aspect.
The term “soil amendment composition” can mean a material used for altering the pH 
of a soil. Figure 5 shows the effects of using the material of the first aspect as a soil 
amendment composition. Thus, the soil amendment composition may used for 
changing the pH of soil.
According to a sixth aspect, there is provided a method of preparing a composite 
adsorbent material, the method comprising the steps of:
(i) providing a porous carbon carrier matrix; and
(ii) precipitating an adsorbent species within the pores of the carrier matrix, 
to thereby form a composite adsorbent material.
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The resultant composite material may be as defined in relation to the first aspect. 
Thus, the carrier matrix may comprise, or be derived from, a cellulosic precursor 
material, preferably a ligno-cellulosic precursor material. For example, the precursor 
material may comprise wood. The precursor material may be heated (or charred) to 
form charcoal. For example, the material may be heated to at least 300°C, 400°C, 
450°C, 500°C, 600°C, 800°C, 1000°C or higher, preferably in the absence of oxygen. 
Thus, the carrier matrix may comprise charcoal. The precursor may be calcined.
The particle size of the carrier matrix may be reduced, for example by breaking larger 
particles into smaller ones. The method may comprise contacting the matrix with a 
solution comprising a metal silicate, a metal hydrotalcite, a metal phosphate, a metal 
oxide and/or a metal carbonate, for sufficient time to allow impregnation into the 
pores of the matrix. The metal silicate, hydrotalcite, phosphate, oxide and/or 
carbonate may be any suitable alkali or alkaline earth metal silicate, hydrotalcite, 
phosphate, oxide and/or carbonate, or any group 3 metal silicate, hydrotalcite, 
phosphate, oxide and/or carbonate. Preferably, the carrier matrix is contacted with a 
solution of potassium silicate or sodium silicate.
The method may then comprise contacting the treated carrier matrix with a soluble 
metal chloride, metal bromide, metal fluoride, metal hydroxide, metal nitrate or metal 
sulfate for sufficient time to allow precipitation of the adsorbent species within the 
pores of the carrier matrix. The metal chloride, metal bromide, metal fluoride, metal 
hydroxide, metal nitrate or metal sulfate, may be any suitable alkali or alkaline earth 
metal chloride or hydroxide. For example, calcium or magnesium salts may be used.
It will be appreciated that the potassium will be displaced by the calcium forming
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calcium silicate adsorbent species. This process allows exceptional heavy loading of 
the pores with reactive chemicals.
In one embodiment of the method, the silicate may be contacted with the matrix first. 
However, in another embodiment, the method may comprise impregnating the matrix 
with a soluble metal salt first, followed by exposure to a soluble silicate. The result 
should be the same, i.e. precipitation of an insoluble metal silicate within the pores of 
the carrier matrix.
An added benefit of the process is that during displacement, a new salt is formed that 
can be collected and used for alternative applications. For example, the use of 
potassium silicate and calcium nitrate will result in the formation of insoluble calcium 
silicate in the matrix pore structure and a soluble potassium nitrate that can be 
collected and used as a plant fertiliser, for example.
The method may comprise washing the composite material to remove the displaced 
salt, e.g. potassium chloride. The method may comprise drying the material to remove 
moisture before use.
All of the features described herein (including any accompanying claims, abstract 
and drawings), and/or all of the steps of any method or process so disclosed, may be 
combined with any of the above aspects in any combination, except combinations 
where at least some of such features and/or steps are mutually exclusive.
For a better understanding of the invention, and to show how embodiments of the 
same may be carried into effect, reference will now be made, by way of example, to 
the accompanying diagrammatic drawings, in which:-
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Figure 1 is a graph showing the pH change with charcoal particles of 0.25-0.5mm; 
Figure 2 is a graph showing the pH change with charcoal particles of 1 -2mm;
Figure 3 is a graph showing the pH change with charcoal particles of 2-4mm;
Figure 4 is a bar chart showing leachable copper ions 0,1, 37 and 77 days after 
treatment of heavy metal contaminated acidic soil (pH 2.5). Control soil was untreated 
and top soil received a layer of around 2cm of non-contaminated garden soil. N=5; 
Figure 5 are photographs showing the establishment of Rye grass on non-amended 
soil (Figure 5a) and soil amended with 4% (w/w) silicate charcoal (Figure 5b). Soils 
were originally acidic (pH 2.5) and contained high levels of a range of heavy metals; 
Figure 6  is a graph showing the removal of As3+ and As5+ ions using Al/Mg 
hydrotalcites in a pure form (Al/HT and cAl/HT) and charcoal products where Al/Mg 
hydrotalcites were precipitated within the charcoal pore structure. Table 4 
summarises the abbreviations used. 25 mg product was added to 25 ml water 
containing 10 mg/1 As. Adsorption was not adjusted for the amount of hydrotalcite in 
each product. N=3;
Figure 7 is a bar chart showing the removal of As3+ and As5+ using Fe/Mg 
hydrotalcites in a pure form (Fe/HT and cFel/HT) and charcoal products where Fe/Mg 
hydrotalcites were precipitated within the charcoal pore structure. 25 mg product 
was added to 25 ml water containing 10 mg As/1. Adsorption was not adjusted for the 
amount of hydrotalcite in each product. N=3;
Figure 8  is a bar chart showing the percentage removal of As3+ and As54" using Al/Mg 
hydrotalcites precipitated in charcoal. Products were derived from pre-loaded pine 
wood that was subsequently charred at 350, 450 or 550°C. 15 mg product was added 
to 15 ml water containing 10 mg As/1. N=3;
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/Figure 9 is a bar chart showing the percentage removal of As3+ and As5+ using Fe/Mg 
hydrotalcites precipitated in charcoal. Products were derived from pre-loaded pine 
wood that was subsequently charred at 350, 450 or 550°C. 15 mg product was added 
to 15 ml water containing 10 mg As/1. N=3 ;
Figure 10 is a bar chart showing the percentage removal of As3+ using Al/Mg 
hydrotalcites at different pH (3, 7 and 11). Hydrotalcites were either used on their 
own (Al/HT and cAl/HT) or derived rom pre-loaded pine wood that was subsequently 
charred at 550°C, or from charcoals where the hydrotalcite was precipitated within 
existing charcoal (Al/HT/Charcoal and cAl/HT/Charcoal) The latter was calcined at 
550°C. 15 mg product was added to 15 ml water containing 10 mg As/1. N=3;
Figure 11 is a bar chart showing the percentage removal of As5+ using Al/Mg 
hydrotalcites at different pH (3, 7 and 11). Hydrotalcites were either used on their 
own (Al/HT and cAl/HT) or derived from pre-loaded pine wood that was 
subsequently charred at 550°C, or from charcoals where the hydrotalcite was 
precipitated within existing charcoal (Al/HT/Charcoal and c Al/HT /Charcoal). The 
latter was calcined at 550°C. 15 mg product was added to 15 ml water containing 10 
mg As/1. N=3;
Figure 12 is a bar chart showing the percentage removal of As34" using Fe/Mg 
hydrotalcites at different pH (3, 7 and 11). Hydrotalcites were either used on their 
own (Fe/HT and cFe/HT) or derived from pre-loaded pine wood that was 
subsequently charred at 550°C, or from charcoals where the hydrotalcite was 
precipitated within existing charcoal (Fe/HT/Charcoal and cFe/HT/Charcoal). The 
latter was calcined at 550°C. 15 mg product was added to 15 ml water containing 10 
mg As/1. N=3; and
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Figure 13 is a bar chart showing the percentage removal of As54" using Fe/Mg 
hydrotalcites at different pH (3, 7 and 11). Hydrotalcites were either used on their 
own (Fe/HT and cFe/HT) or derived from pre-loaded pine wood that was 
subsequently charred at 550°C, or from charcoals where the hydrotalcite was 
precipitated within existing charcoal (Fe/HT/Charcoal and cFe/HT/Charcoal). The 
latter was calcined at 550°C. 15 mg product was added to 15 ml water containing 10 
mg As/1. N=3.
Examples
Example 1 - Stabilising effect of charcoal on copper silicate at low pH 
Introduction
As discussed above, amendment of soils with carbonates, silicates and hydroxides are 
well-known methods to reduce metal toxicity in heavy metal contaminated soils. 
However, unfortunately, these methods are unstable at Tow pH’ (e.g. for heavy metal 
carbonates, a pH of around 7 results in the disintegration of the carbonate into carbon 
dioxide, water and the release of heavy metal ions), and the more acidic the soil, the 
quicker the reaction, and so in acid-generating soils, these methods only give 
temporary relief.
Methods that would significantly stabilise metal carbonates, silicates and/or oxides 
would be extremely useful as this would, even under acidic conditions, result in a 
much longer treatment effect (proportional to the stability gain). It was hypothesised 
that wood charcoal, being of a porous nature, would allow calcium silicates embedded 
into the charcoal structure via a displacement reaction to react with copper ions in the 
environment. It was hypothesised that the resulting copper silicates inside the
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charcoal would be more stable at low pH because the charcoal particle would create a 
relatively stable micro-environment where the pH would be higher than in the 
surrounding solution therefore reducing the rate of dissolution of the metal salt inside 
the charcoal. To some extent, it was expected that larger particles would have a 
greater stabilising effect than smaller particles because of relative smaller ‘edge 
effects’.
Materials and methods 
Stability of CuSiCh in solution
To test this hypothesis, charcoal particles of different sizes were prepared from sweet 
chestnut wood. Sweet chestnut wood was charred at 450°C, broken up in small pieces 
which were passed over a set of sieves to create charcoal particles with sizes ranging 
from 0.25 -  0.5 mm, 1 .0 - 2.0 mm and 2.0 -  4.0 mm. The charcoal was subsequently 
impregnated with liquid Potassium silicate (50% K2 SO3 by weight) to obtain charcoal 
containing 10% K2 SO3 by weight.. Subsequently, this impregnated charcoal was 
soaked in calcium chloride to allow precipitation of calcium silicate within the 
charcoal. Once the potassium was displaced by calcium, the charcoal was washed 
thoroughly to remove the formed potassium chloride from the solution.
Thus, treated charcoal (termed ‘silicate charcoal’) was dried at 70°C to remove most 
of the moisture and the silicate charcoal was stored in plastic bottles at room 
temperature. To create powdered silicate charcoal (< 0.01 mm), the charcoal from the 
0.25-0.5 size class was ground using a pestle and mortar.
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To allow the calcium silicate to be converted into copper silicate, 18 bottles, each 
containing 1.07 g CuS0 4 .5 H2 0  per litre RO water was prepared. Subsequently, three 
bottles for each treatment were amended with 5 g silicate charcoal and three controls 
were prepared by adding 0.5 g CaSiOs powder (Sigma, UK). The bottles were left for 
> 1 week to allow equilibrium between the CaSiOg and the Cu ions in solution.
Three bottles were not amended to allow determination of the actual concentration of 
Cu ions in the solution. In theory, sufficient CaSiOg was present to remove all the 
copper from the solution. To check how much Cu was actually removed from the 
solution samples were taken from each bottle and the copper concentration was 
determined using atomic adsorption (FAAS).
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Table 1: Removal of Copper ions from a solution of CuSOi.SEbO (1.07 g I'1) using an 
estimated 0.5 g calcium silicate in free form or deposited in the pore structure of 
charcoal particles of different size classes (<0.01mm, 0.25-0.5mm, 1 .0 -2 .0 mm and 
2.0-4.0mm). N=3. Different letters indicate significant differences between means at 
P<0.05.
Treatment Cu concentration (mg F1) in 
solution ± SE
% removal
Control 246.9 ± 9.5 W 0
CaSi03 170.4 ± 9.9 (b) 31
<0 . 0 1  mm 185.8 ± 3.9 (b) 25
0.25-0.5 mm 175.8 ± 12.9 (b) 29
1 .0 -2 . 0  mm 181.3 ± 7.3 (b) 27
2.0-4.0 mm 184.0 ± 5.2 (b) 25
Significance P < 0.001
From Table 1, it is clear that the silicate only removed between 31 and 25% of all the 
available copper from the solution. The copper in solution was in excess of the 
approximated adsorption capacity of the silicate component of the composite. This 
was to ensure adequate copper ions were present to determine maximum sorption 
capacity. The tests were carried out at a relatively low pH of 5 to demonstrate the 
functioning of the system under sub-optimal conditions. For comparison, a liming 
process would only immobilise copper cations at significantly higher pH. It also
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suggests that the amount of silicate in all the treatments was about equal. To check if 
the latter was the case, 5 g of each of the silicate charcoals was ashed at 600°C and the 
mineral content weighted. A non-silicate charcoal was used as a control. Results in 
Table 2 suggest that the amount of silicate in each treatment was comparable (around 
1 0 % difference).
Table 2: Ash and silicate content in silicated and non-silicated charcoal with different 
particle sizes. 5 g charcoal was used for each assessment.
Treatment Ash content 
(g)
Silicate 
content (g)
% silicate
Control 0.45 0 0
0.25-0.5 mm 0 . 8 8 0.43 8 . 6
1 .0 -2 . 0  mm 1.04 0.59 1 1 . 8
2.0-4.0 mm 0.93 0.48 9.6
After 3 months, the remaining copper sulfate solution was separated from the solid 
fraction either by pouring of the liquid leaving a layer of fine powder stuck to the 
bottom of the flask (control and finely ground charcoal) or by passing the suspension 
over a fine sieve, followed by a quick rinse of the charcoal with RO water. All the 
treatments remained saturated.
To test the stability of the silicate in the different treatments, each of the materials 
recovered from each flask was mixed with 100 ml HCL with a pH of 2. Since there
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was excess silicate each of the treatments, there was ample silicate to react with the 
acid and reach equilibrium at a pH of 5.2 according to the following reaction:
CaSiOj + 2H+ ^ ± .  HjSiOs + Cu2+ + Ca2+ 
or
CuSi03 + 2 lT ->  H2 Si03 + Cu2+
The speed with which the silicates react with the acid is reflected in the speed by 
which the pH of the solution changes. Using constant stirring, the pH of each solution 
was measured with a pH meter, by measuring the time it took for the suspension to 
reach a pH of 4.5 and then 5.0. Also, pH readings were taken every minute until the 
solution reached a pH > 4.5. To reach a pH of 5.0, some treatments took many hours 
and solutions were measured hourly the next day till a pH of 5.0 was reached.
Field experiment Parvs Mountain
In this experiment, the silicate charcoal was prepared using oak charcoal fines with 
sizes between 0.5 and 2 cm. The charcoal was treated first with sodium silicate and 
subsequently with calcium chloride to obtain around 2 0 % calcium silicate by weight 
inside the charcoal.
The soil at Parys mountain was extremely acidic (pH 2.5) and contained a range of 
heavy metals (Arsenic (> 770 ppm), copper (>1,100 ppm), zinc (> 2,400 ppm), lead 
(> 2,600 ppm) and iron (> 300,000ppm).
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Three different treatments were compared: Control (no amendment), top soil (2 cm) 
covering the contaminated soil and silicate charcoal at a rate of 4% by weight. For 
each treatment a plot measuring 2 by 2 meters was established. To monitor phyto­
toxicity each plot was sown in with rye grass (Lolium perenne) and germination and 
plant growth was monitored over the following 77 days. Also leachable metals were 
monitored using the British Standards Method (BSI2002) immediately after treatment 
(t=0), 1 day after treatment, 37 days after treatment and 77 days after treatment. Five 
samples were taken from each plot and analysed separately using ICP analysis.
Results
Stability of silicate in solution
Control: pH change of solution of HC1 with pH of 2 when amended with an 
equivalent quantity (0.5g"1 lOOml"1) of silicate was on average 10.7 ± 0.7 pH units per 
minute (n=3).
Referring to Figures 1-3, there are shown the change of pH of solution of 100 ml HC1 
with a pH of 2 when amended with 5g of silicate charcoal with a particle size of 0.25-
0.5 mm (Figures 1), 1-2 mm (Figure 2) or 2-4 mm (Figure 3). Charcoal contained 
around 10% (0.5 g) CuSiOg by weight. n=2 or 3. From these three graphs, it can be 
seen that at low pH there is a steady reaction of the silicate trapped within the 
charcoal. Even charcoal particles with a size between 0.25 and 0.5 mm slow the rate 
at which silicate reacts with acids down by around 50 fold. Larger particles (2-4) mm 
have a more stabilising effect and compared with ‘free silicate’ are more than 1 0 0  
times more stable at a pH below 4.
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Figures 1 -3 suggest that the reaction of silicate occurs at a low pH (i.e. between 3 and 
4). The relation between pH and particle size is more or less linear, but since pH is on 
a log scale, the release of ions is in fact log linear decreasing exponentially if the pH 
rises. The inventors have found that the reaction stops completely at pH 5.2, meaning 
that no copper appears to be released from the charcoal at pH > 5.2.
Whereas the release of ions from charcoal is log linear at low pH, the charcoal itself 
increases the stability of the bound metal even further when the pH increases relative 
to the control (see Table 3) below.
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Table 3. Reactivity of silicate embedded in charcoal particles of different sizes
compared with free copper silicate ('control) at increasing pH. Figure in brackets 
denotes stability increase compared with control. N=3: different letters denote 
significant (p<0.05) differences between treatments
Treatment Reactivity of silicate
Time to pH 4.5 Time to pH 5.0 from pH 4.5
Control 14 seconds (1) a 36 seconds ( ! ) b
Finely ground (< 
0 .0 1 mm)
45 seconds (3) b 1 0  minutes (17) c
Charcoal 0.25-0.5 mm 10 minutes (42) c 2  hours (2 0 0 ) e
Charcoal 1.0 - 2.0 mm 12 minutes (51) c 16 hours (1600) f
Charcoal 2.0 - 4.0 mm 41 minutes (176) d >18 hours (>1800) f
Table 3 shows that silicate embedded in charcoal reacts progressively less when (a) 
the particle size increases (PO.OOl) and (b) when the pH nears equilibrium (P < 
0.001). This means that silicate embedded in charcoal with a particle size of > 1 mm 
is >1500 times more stable at pH between 4.5 and 5.0 than free silicates exposed to 
the same pH range. Even silicates embedded in charcoal particles with a size between 
0.25 and 0.5 mm, were at this pH around 200 times more stable than ‘free silicates’. 
Surprisingly, very finely ground silicate charcoal derived from the 0.25-0.5 mm 
silicate charcoal was also 17 times more stable than ‘free silicates’, suggesting an 
intimate connection between the charcoal, and the silicate that provides a significant 
degree of stabilisation to the silicate.
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Field experiment Parvs Mountain
Referring to Figure 4, there is shown the results of leachable copper ions 0,1, 37 and 
77 days after treatment of heavy metal contaminated acidic soil (pH 2.5). Figure 4 
shows that amendment of the acidic soil contaminated with a range of heavy metals, 
silicate charcoal provides a significant reduction in copper leaching. In fact, after 1 
and 37 days copper leaching was reduced to below detectable levels, compared to the 
control soil where after 37 days, leachable copper was on average 13 mg Cu per kg 
soil. After 77 days, soils amended with silicate charcoal leached less than 0.1 mg Cu 
per kg soil compared with the control where the level of copper leaching was around 
11 mg per kg soil. Similar levels of leaching were found to occur in contaminated soil 
covered with top soil after 77 days.
Referring to Figure 5a and 5b, there is shown the establishment of Rye grass on non­
amended soil and soil amended with 4% (w/w) silicate charcoal. Soils were originally 
acidic (pH 2.5) and contained high levels of a range of heavy metals. As can be seen, 
in Figure 5a, for non-amended soil, Rye grass was unable to become established. 
However, the inventors were pleased to see that Rye grass did establish in the 
amended soil plot, as shown in Figure 5b.
Conclusions
In summary, the inventors have demonstrated that at a low pH (i.e. between about 2 
and 4.5), charcoal particles with a size between about 0.25 and 2 mm stabilises 
silicates by more than 50 fold. In addition, at low pH (i.e. between 2 and 4.5), larger 
charcoal particles provided surprisingly more stability than smaller ones.
Furthermore, surprisingly, at a pH between 4.5 and 5.0, copper silicates in charcoal
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particles with a class size of between 1 and 2  mm are around 1600 times more stable 
than ‘free silicates’. Silicates embedded in charcoal particles between 2 and 4 mm are 
more than 1800 times more stable than ‘free silicates’. Silicate charcoals reduce metal 
leaching significantly in acidic soils that are heavily contaminated with heavy metals. 
Finally, the inventors have shown that amendment of silicate charcoal to acidic heavy 
metal contaminated soil restores plant growth.
Example 2 - Effectiveness of charcoals into which hydrotalcites are precipitated for 
the removal of arsenic species from water
Two layered double hydroxides (LDHs)/hydrotalcite materials precipitated into 
charcoal were investigated for their efficacy in removing arsenic species (As3+ and 
A s 5+)  from water. Al-Mg based and Fe-Mg based hydrotalcites were prepared by co­
precipitation of Mg and Al/Fe salts with sodium hydroxide solution at pH>12 into 
either wood or charcoal. Both were made with Cl" as the interlayer anion with a ratio 
of M2+:M3+ of 2.15:1 in the initial solutions (Gillman, 2006, Science o f the Total 
Environment 366:926-31). Materials were exposed to air, and solutions were therefore 
not guaranteed carbonate free resulting in the likely presence of some carbonate ions 
in the interlayer structure. Calcination was done at 550°C.
Two methods of loading hydrotalcites onto charcoal particles were used. Firstly, 
precipitation directly into charcoal derived from Scotch Pine wood charred at 550°C 
and secondly precipitation directly into wood pine wood shavings followed by 
charring at 550°C. Three different concentrations of hydrotalcite were used using this 
method that resulted in charcoals with approximately 20, 40 and 60% (w/w) 
hydrotalcite. Materials prepared by precipitation directly into the charcoal were also
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calcined at 550°C. Charcoal particle sizes used throughout were 0.5-lmm. Sorption 
experiments were carried out in triplicate.
In a further experiment, the effect of charring temperature on product performance 
was assessed using Al/Mg hydrotalcite and Fe/Mg hydrotalcite. Pine shavings were 
soaked in the different solutions to obtain a final concentration of hydrotalcite of 40% 
by weight. The loaded wood was charred at 350, 450 and 550°C for 1 hour. Arsenic 
adsorption was assessed by placing 15 mg product in 15 ml arsenic solution 
containing 10 mg As/1. Solutions were shaken for 24 hours before remaining arsenic 
in the solution was assessed.
Subsequently an experiment was set up to determine the efficacy of charcoals 
containing Al/Mg hydrotalcites to adsorb arsenic from water with pH of 3, 7 and 11. 
As in the previous experiment, 15mg material was added to 15 ml arsenic solution 
containing 10 mg As/1. Solutions were shaken for 24 hours before remaining arsenic 
in the solution was assessed.
To determine the amount of arsenic adsorbed by the different materials, 25mg 
material was shaken for 24 h at 20°C in 25ml, 10mg/l arsenic solution. Arsenic 
concentrations were determined using molybdenum blue colorimetric method 
(BSI728-12:1961), which has a minimum detection limit of 20ppb arsenic. In brief, a 
sample containing the arsenic is mixed with an acid solution of MoVI, for example 
ammonium molybdate, to produce A sM o^cW - , which has an a-Keggin structure. 
This anion is then reduced by, for example, asorbic acid, to form the blue coloured p- 
keggin ion, PMonOV". The amount of the blue coloured ion produced is
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proportional to the amount of phosphate present and the absorption can be measured 
using a colorimeter to determine the amount of arsenic.
Table 4: List of abbreviations used
Abbreviation 
(M = A1 or Fe)
Material
M/HT Hydrotalcite
cM/HT Calcined hydrotalcite at 550°C
M/HT/woodl Hydrotalcite loaded onto wood then charred (±20% HT by weight 
in charcoal)
M/HT/wood2 Hydrotalcite loaded onto wood then charred. Initial solution 
concentration 2x that used in M/HT/woodl (±40% HT by weight 
in charcoal)
M/HT/wood3 Hydrotalcite loaded onto wood then charred. Initial solution 
concentration 3x that used in M/HT/woodl (±60% HT by weight 
in charcoal)
M/HT/charcoal Hydrotalcites loaded onto charcoal particles. Initial solution 
concentrations were the same as M/HT/wood2 (±40% HT by 
weight in charcoal)
cM/HT/charcoal M/HT/charcoal calcined at 550°C (±40% HT by weight in 
charcoal)
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Results:
As3+ and As5+ sorption of hydrotalcites directly precipitated into charcoal or loaded 
onto wood first before charring
Table 5: Estimated removal of As3+ and As5+ by Al/Mg hydrotalcites in a pure form 
(Al/HT and cAl/HT) and Al/Mg hydrotalcites precipitated in the pore structure of 
charcoal derived from pine wood. Amounts adsorbed are expressed as mg As 
removed by I s  hydrotalcite. N=3
A s^ As'"
Removal
(mg/g) std error
removal
(mg/g) std error
Al/HT 3.784 0.071 9.991 0.007
cAl/HT 7.659 0.279 9.734 0.187
Al/HT/charcoal 4.050 0.515 16.258 0.780
cAl/HT/charcoal 7.963 0.283 7.093 0.208
Al/HT/woodl 15.470 0.430 9.595 0.330
Al/HT/wood2 12.655 0.218 13.158 0.355
Al/HTwood3 10.085 0.332 10.640 0.070
Referring to Figure 6  and Table 5, it can be seen that calcination increases uptake of 
As3+ (Al/HT vs cAl/HT, Al/HT/charcoal vs cAl/HT/charcoal). However, calcination 
may decrease As5+ sorption (Al/HT/charcoal vs c Al/HT/charcoal). Precipitation of 
hydrotalcites directly into charcoal may have little effect on the removal of arsenic 
expressed as mg arsenic removed by 1 g hydrotalcite.
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In relation to wood loaded materials, there is an increase in the sorption capacity with 
increasing concentration of loading solutions and this suggests an increased loading of 
charcoal with hydrotalcite. The sorption of As34" and As5+ are similar, much like that 
of calcined material, possibly because they were charred at 550°C. The inventors 
believe that hydrotalcites precipitated in wood before charring may be more efficient 
at removing arsenic from water.
Table 6 : Estimated removal of As3+ and As5+ by Fe/Mg hydrotalcites in a pure form 
(Fe/HT and cFe/HT) and Al/Mg hydrotalcites precipitated in the pore structure of 
charcoal derived from nine wood. Amounts adsorbed are expressed as mg As 
removed by I s  hydrotalcite. N=3.
As'"" A s^
Removal
(mg/g) std error
Removal
(Mg/g) std error
Fe/HT 8.567 0.076 9.791 0.068
cFe/HT 8.578 0.337 7.477 1.105
Fe/HT/charcoal 5.295 0.050 14.663 0.213
cFe/HT/charcoal 10.908 0.093 7.308 0.150
Fe/HT/woodl 5.130 0.255 6.780 0.240
Fe/HT/wood2 3.025 0.310 2.258 0.490
Fe/HT/wood3 3.612 0.135 3.402 0.450
Referring to Figure 7 and Table 6 , calcination may, in some cases, decrease As5+ 
sorption (Fe/HT vs cFe/HT, Fe/HT/charcoal vs cFe/HT/charcoal) but in other cases
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increases As3+ sorption (Fe/HT/charcoal vs cFe/HT/charcoal). Adsorption capacity of 
Fe/Mg hydrotalcites was not markedly affected by precipitating them into charcoal. 
Loading wood before charring with Fe/Mg hydrotalcites in general seemed to reduce 
the efficacy of the hydrotalcites, possibly suggesting a chemical change as a result of 
the charring process itself.. Although the inventors do not wished to be bound by 
theory, they believe that this may be due to the charcoal acting as a reducing agent. 
However, the result showed that there was a small increase in arsenic sorption with 
increasing amounts of hydrotalcite precipitated into the charcoal matrix.
Example 3 - Effect of charring temperature on arsenic uptake by hydrotalcites in 
charcoals derived from wood loaded materials
Table 7: Estimated removal of As3+ and As5+ by Al/Mg hydrotalcites in charcoal. 
Products were derived from pre-loaded pine wood that was subsequently charred at 
350. 450 or 550°C. Amounts adsorbed are expressed as mg As removed by I s  
hydrotalcite. N=3.
As'"" A s^
Adsorption
(mg/g) std error
Adsorption
(mg/g) std error
Al/HT 350 4.893 0.108 9.830 0.245
Al/HT 450 10.878 0.076 13.718 0.268
Al/HT 550 12.748 0.808 14.978 0.356
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Referring to Figure 8  and Table 7, increased sorption of arsenic was achieved by 
increasing the charring temperature of wood pre-loaded with hydrotalcites. The 
inventors believe that there are two possible reasons for this. Firstly, at higher 
temperatures charcoals are more carbonised and generally have a higher surface area. 
Secondly, as temperature increases, hydrotalcites become increasingly calcined as 
water and interlayer anions are lost.
Table 8 : Estimated removal of As3+ and As5+ by Fe/Mg hydrotalcites in charcoal. 
Products were derived from pre-loaded nine wood that was subsequently charred at 
350. 450 or 550°C. Amounts adsorbed are expressed as mg As removed by I s  
hydrotalcite. N=3.
Asj+ A s^
Sorption (mg/g) std error Sorption (mg/g) std error
Fe/HT 350 6.568 0.228 6.140 0.323
Fe/HT 450 6.588 0.193 6.580 0 . 2 2 0
Fe/HT 550 5.035 0.320 6.083 0.188
Referring to Figure 9 and Table 8 , the inventors noted that charring wood loaded with 
Fe/Mg hydrotalcites at higher temperatures (550°C) decreased capacity of the 
resulting product to adsorb arsenic compared to products that were charred at lower 
temperatures (350 and 450°C). In general, charring temperature seemed to have little 
effect on arsenic adsorption of chars that were derived from woods loaded with 
Fe/Mg hydrotalcites.
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Arsenic sorption from solutions with different pH’s
Table 9: Adsorption estimates of As3+ and As5+ using Al/Mg or Fe/Mg hydrotalcites
at different pH (3, 7 and 11). Hydrotalcites were either used on their own (Metal/HT 
and cMetal/HT) or derived from from pre-loaded nine wood that was subsequently 
charred at 550°C, or from charcoals where the hydrotalcite was precipitated within 
existing charcoal ('Metal/HT/Charcoal and cMetal/HT/Charcoal) The latter was 
calcined at 550°C. 15 mg product was added to 15 ml water containing 10 mg/1 As. 
Adsorption is expressed as mg As/ g hydrotalcite. N=3.
As3+ pH 3 pH 7 pH 11
Adsorptio 
n (mg/g)
Std
error
Adsorptio 
n (mg/g)
Std
error
Adsorptio 
n (mg/g)
Std
error
Al/HT 2.702
0.15
0 6.250
0.14
4 1.794
0.08
7
cAl/HT 7.941
0.05
6 8.620
0.05
6 7.741
0.35
8
Al/HT/wood2 18.843
0.17
8 17.443
0.34
3 15.92
0.34
5
Al/HT/charcoal 1.495
0.33
3 1.203
0.78
3 2.108
0.05
5
cAl/HT/charcoa
1 7.108
0.42
8 5.380
0 . 1 1
8 3.565
0.29
3
Fe/HT 8.900
0.27
3 7.318
0.36
1 6.003
0 . 2 0
4
cFe/HT 9.560
0 . 2 2
5 9.155
0.31
0 9.550
0.05
8
Fe/HT/wood2 5.243
0.27
5 2.600
0.25
0 3.468
0.29
5
Fe/HT/charcoal 9.203
0.30
5 3.748
0.39
0 2.070
0.48
3
cFe/HT/charcoa
1 8.445
0.27
3 8.925
0.25
8 12.660 oo 
o
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As5+ pH 3 pH 7 pH 11
Adsorptio 
n (mg/g)
Std
error
Adsorptio 
n (mg/g)
Std
error
Adsorptio 
n (mg/g)
Std
error
Al/HT 9.280
0 . 0 0
3 9.158
0.70
8 9.583
0.08
0
cAl/HT 1 0 . 0 0 0
0 . 0 0
0 1 0 . 0 0
0 . 0 0
0 8.577
0.77
1
Al/HT/wood2 22.135
0.46
3 2 1 . 0 1
0.37
0 16.355
0.63
8
Al/HT/charcoal 14.915
0.16
3 5.515
0.95
0 4.740
0.45
0
cAl/HT/charcoa
1 14.600
0.40
3 18.255
0 . 2 2
8 14.858
0 . 1 2
0
Fe/HT 9.393
0.35
0 8.710
0.15
1 5.763
0.24
9
cFe/HT 9.529
0.47
1 9.917
0.07
0 9.121
0.50
8
Fe/HT/wood2 3.268
0.17
3 3.575
0.14
8 5.520
0.36
8
Fe/HT/charcoal 11.605
0.19
8 4.360
0 . 1 2
0 4.080
0.30
3
cFe/HT/charcoa
1 10.848
0.67
0 17.153
0.35
0 17.373
0.65
5
Referring to Figures 10 and 11 and Table 9, Al/Mg Hydrotalcites incorporated into 
charcoal using hydrotalcite loaded wood as the precursor material produced better 
products compared to charcoals where the hydrotalcites were precipitated directly into 
the charcoal or compared with ‘free’ hydrotalcites. As shown in Figure 10, calcining 
Al/Mg Hydrotalcites resulted in a 4-fold increase in arsenic adsorption capacity. As 
shown in Figures 12 and 13, Fe/Mg Hydrotalcites incorporated into charcoal using 
hyrotalcite loaded wood as the precursor material provided products were in general 
not as effective at adsorbing arsenic from solutions compared to charcoals where the 
hydrotalcites were precipitated directly into the charcoal.
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Claims
1. A composite adsorbent material comprising a porous carbon carrier matrix and 
an adsorbent species, wherein the adsorbent species is precipitated within the pores of 
the carrier matrix.
2. The adsorbent material according to claim 1, wherein the adsorbent species is
capable of influencing the ionic composition of the surrounding aqueous phase, and 
wherein the resultant composite material produces an internal chemical environment 
which is different to that outside the material.
3. The adsorbent material according to either claim 1 or claim 2, wherein the 
adsorbent species is incorporated inside or within the carbon matrix.
4. The adsorbent material according to any preceding claim, wherein the 
concentration of the carrier matrix in the composite material is between 10-99%
(w/w) or between 30-95% (w/w) of the total weight of the composite material.
5. The adsorbent material according to any preceding claim, wherein the 
concentration of the carrier matrix in the composite material is between 50-90%
(w/w) of the total weight of the composite material.
6 . The adsorbent material according to any preceding claim, wherein the carrier 
matrix comprises, or is derived from, a cellulosic precursor material, preferably a 
ligno-cellulosic precursor material.
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7. The adsorbent material according to any preceding claim, wherein the carrier 
matrix comprises or is derived from plant material, and preferably woody plant 
material.
8 . The adsorbent material according to any preceding claim, wherein the carrier 
matrix comprises or is derived from any hardwood or softwood species of plant.
9. The adsorbent material according to any preceding claim, wherein the carrier 
matrix comprises non-activated carbon.
10. The adsorbent material according to any preceding claim, wherein the carrier 
matrix is substantially macroporous.
11. The adsorbent material according to any preceding claim, wherein the macro­
pores have diameters in the range of 50nm to 500nm, or 50 to 300nm, or 50 to 200nm.
12. The adsorbent material according to any preceding claim, wherein the 
concentration of the adsorbent species in the composite material is between 1 -90% 
(w/w) or between 10-75% (w/w) of the total weight of the composite material.
13. The adsorbent material according to any preceding claim, wherein the 
concentration of the adsorbent species in the composite material is between 20-50% 
of the total weight of the composite material.
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14. The adsorbent material according to any preceding claim, wherein the 
adsorbent species is precipitated within the pores of the carrier matrix using a 
metathesis reaction or a displacement reaction.
15. An adsorbent material according to any preceding claim, wherein the 
adsorbent species is basic.
16. The adsorbent material according to any preceding claim, wherein the
adsorbent species comprises a metal silicate, a metal hydrotalcite, a metal phosphate, 
a metal oxide, metal hydroxide, metal sulfide and/or a metal carbonate.
17. The adsorbent material according to any preceding claim, wherein the
adsorbent species comprises an alkali or alkaline earth metal silicate, hydrotalcite, 
phosphate, oxide, hydroxide, sulfide and/or carbonate.
18. The adsorbent material according to any preceding claim, wherein the
adsorbent species comprises calcium, magnesium or aluminium silicate, hydrotalcite, 
phosphate, oxide, hydroxide, sulfide and/or carbonate.
19. The adsorbent material according to any preceding claim, wherein the surface
area of the pores of the material is at least 0.5 m2 g'1.
20. The adsorbent material according to any preceding claim, wherein the
composite material has a pore surface area of at least 2 m2 g"1, 3 m2 g"1, 4 m2 g"1 or at 
least 5 m2 g'1.
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21. The adsorbent material according to any preceding claim, wherein the 
composite material has a macropore volume which is greater than 0.5 cm3 ml'1.
22. The adsorbent material according to any preceding claim, wherein the 
composite material has a macropore volume between 0 . 6  and 1 cm3 ml"1, or between 
0.7 and 0.9 cm3 ml'1.
23. The adsorbent material according to any preceding claim, wherein the 
composite material has pores that have an average diameter that is greater than lOnm, 
20nm, 50nm or lOOnm.
24. A particle comprising the composite adsorbent material according to any one 
of claims 1 to 23.
25. The particle according to claim 24, wherein the mean particle size is between 
about 0.1mm and 50mm, or between about 0.1mm and 25mm, or between about 
0.25mm and 50mm, or bigger.
26. Use of the composite material according to any one of claims 1 to 23, or the 
particle according to either claim 24 or 25, for the adsorption of inorganic substances.
27. Use according to claim 26, wherein the composite material or the particle is 
used in the clean-up of environmental pollution; for cleaning drinking water, or 
treatment of industrial and agricultural effluent; for removal of heavy metals or 
heavy-metal containing compounds from landfill leachate, groundwater, sewage
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sludge; or in soil amendments where soil or sediment is contaminated with heavy 
metals or heavy metal-containing compounds, phosphate etc.
28. A method of removing a pollutant from a fluid, the method comprising 
contacting a fluid comprising a pollutant with the composite adsorbent material 
according to any one of claims 1 to 23, or the particle according to either claim 24 or 
25, under conditions suitable to remove the pollutant from the fluid.
29. The method according to claim 28, wherein the composite material is 
supported on a support, for example in a cartridge or is placed inside a porous bag or 
filter, or is fixed onto a solid support, over which the polluted fluid is passed.
30. The method according to either claim 28 or claim 29, wherein the method 
comprises feeding the fluid to be treated to the adsorbent material, or vice versa, and 
allowing the material to remove the pollutant from the fluid.
31. The method according to any one of claims 28-30, wherein the fluid is a 
sludge or a slurry.
32. The method according to any one of claims 28-31, wherein the method 
comprises a step of separating at least some of the composite material from the fluid 
following sorption of the pollutant.
33. The method according to claim 32, wherein the separation step comprises the 
use of a filter.
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34. The method according to claim 32, wherein the separation step comprises the 
use of a magnet, preferably when the adsorbent material comprises iron oxide and/or 
iron hydroxide.
35. The method according to any one of claims 28-34, wherein the method 
comprises a step of recovering the adsorbed pollutant from the spent adsorbent 
material.
36. The method according to claim 35, wherein the recovery step comprises 
contacting the spent adsorbent material with an acid to release the adsorbed pollutant 
therefrom.
37. The method according to claim 35, wherein the recovery step comprises 
contacting the spent adsorbent material with a salt solution to release the adsorbed 
pollutant therefrom.
38. A soil amendment composition comprising the composite adsorbent material 
according to any one of claims 1 to 23.
39. The soil amendment composition according to claim 38, for use in changing 
the pH of soil.
40. A method of preparing a composite adsorbent material, the method 
comprising the steps of:
(i) providing a porous carbon carrier matrix; and
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(ii) precipitating an adsorbent species within the pores of the carrier matrix, 
to thereby form a composite adsorbent material.
4L The method according to claim 40, wherein the composite adsorbent material
is defined as in any one of claims 1 to 23.
42. The method accofding to either claim 40 or claim 41, wherein the carbon
matrix is heated to at least 300°C, 400°C, 450°C, 500°C, 600°C, 800°C or 1000°C 
prior to the precipitation step.
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Figure: 2
pH change with charcoal particles of 1-2 mm
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Figure: 6
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Figure: 8
AI/HT/Wood2 arsenic sorption after different charring temperatures
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Figure: 9
Fe/HT/wood2 arsenic sorption after charring at different temperatures
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Figure: 10
Al-Mg Hydrotalcites As3+
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Figure: 11
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Figure: 12
Fe-Mg Hydrotalcites As3+
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Figure: 13
Fe-Mg Hydrotalcites As5+
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